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• INTRODUCTION 
AN INVESTI GATION OF HIGH-STRENGTH, DEFORNED 
STEEl" BAHS FOR CONCRETE REINFORCElfEFT 
High strength steel as reinforcement for concrete has received some 
erious attention by researchers and by the construction industries as 
.ong ago as the early 1900' s. Recent developments abroad, notably in 
;weden, Germany and Austria, have caused renev·red interest in the use of 
:,his material in concrete structures. 
The term "high-strenGth" is sOIn81vhat ambiguous sLnce it usually has 
)een employed to describe the type of steel used in cables and strands for 
)restressed concrete or suspension bridge structures. Such steels commonly 
h.ave proof stresses of t.he order of 200,000 psi. However, in t.he case of 
orclinary reinforced concrete structures the term "high-strenGth stnel" is 
used to designate steels having yield "tresses in excess of 50,000 psi. 
In this report the latter definition will be used. 
There are two general methods for producing a hiGh-strength steel. 
One is by metallurgical means such as alloying of the steel with small 
amounts of such elements as: Silicon, Phosphorous, Nickel, Chromium, Nan-
ganese or IJIolybdenum and/or raising the carbon content. The other method 
of achieving a high-strength steel is by cold HorkLng an ordinary grade of 
st.eel. The usual rre thods of cold working reinforcing bars are by cold 
stretching or by cold twisting between two fixed chucks. The cold-hvisted 
bar is at present the more common of the two types of cold-vmrked bars. 
Several companies both in the U. S. and abroad manufacture cold-twisted bars 
which appear under such commercial trade names as: "Isteg"" "Hebrib ll , 
"Torstahl", and "Tentor" to mention some of the better known ones. 
A metallurgically-produced, high-strength steel or alloy steel shows 
everal differences as compared to cold-worked steel. Firstly, alloy 
teels can be produced which have stress-strain curves with sharp, 
.efini te yield points whereas cold-worked steels are almost always of the 
;radual-yielding t;vpe. Secondly, alloy steels can be produced i-lhich 
taintain a customary relation of yield stress to ul tirnate stress (i.e. 
'ield stress approximately sixty percent of ultimate stress); whereas, 
:old-working a steel simply raises the ratio of yield stress to ultimate 
stress without affecting the ultimate stress significantly. Thirdly, some 
Llloy steels have fairly low ductilities thus making them difficult to 
!old bend. Finally, they may be difficult to weld by ordinary techniques 
mder field conditions. 
Considerable information is available, partj_culF.rly in the foreign 
literature, on test behavior of rrembers reinforced with cold-1'11'orked, high-
'3trength steel bars but little data is available on metallurgically-produced 
tligh-strength steel reinforcement. In view of the differences between these 
two types of high-strength bars, a sizeable investigation utilizing metallur-
gically-produced, high-strength bnrs as concrete reinforcement appeared 
advisable. 
1. Object Two problems are of greater importance with beams rein-
forced with high-strength steel than with beams reinforced with standard 
reinforcement: 
a) With the shallower members and/or lower reinforcement ratios 
possible with high-strength reinforcements, delections ma;T be much larger 
tlutn in conventional beams. 
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b) Older type high-strength steels met resistr:mce to acceptance 
)rimarily on account of fear of excessive crack widths. It is possible 
t.hat vIi th high-deformed bars crack 'tddths may be within tolerable limits 
at design loads. 
Recent investigations at the University of Illinois (References (1) 
and (2) ) have shovm that the IIfirst diagonal crack" plays an il11portant 
part in the ultimate strength in shear of a reinforced concrete beam. 
Hence" while flexural cracking is of consequence only relative to appear-
ande and corrosion resistance" diagonal-tension cracks may influence the 
ultimate strength of the beam. Studies of flexural cracking in beams 
reinforced with high-strength steel are in progress at the Portland Cement 
Association and at the National Bureau of Standards. This project i& 
designed to stuqy the diagonal-tension cracking process primarily. 
Considering the above two problems to be of central importance for 
this investigation" the objectives of the project are: 
(1) To provide information on the shear (primarily) and flexural 
(secondly) strength of Tee-beams of tHO concrete strengths reinforced 
wi th sharp-yielding steel having a nominal yield strength of 80,,000 
psi. for main reinforcement .. .\. 
(2) To provide information on the load-deflection relation of such 
beams and to correlate test data 'Hith practical formulae for predicting 
deflections at design loads. 
(3) To provide information on loads at which first diagonal-tension 
cracks form, on possible correlation of these loads ~lith the cylinder 
compressive strength and/or molulus of rupture of the concrete. 
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T4J To obtain measurements on uidth of flexural and shear cracks at 
floads up to and including "design load" ('Nhich uill ;)e taken ii1 this report 
ito be one-half the applied load at failure plus the full deal load of the 
I • ) rspecmen. 
(5) To check the validity of the conclusions of the investi0'ations on 
,0 
ultimate she2r strength made at the University of Illinois (neferences (1) 
and (2) ) in regard to their applice,bility to beams reinforced 't'Jith hi3;h-
strenGth steel. 
(6) To extend the range of information on shear failures by means of a 
sUbstantial number of tests vJi th variables such as p, r, and aid outside the 
range investigated at the University of Illinois in the papers mentioned 
above. 
(7) To provide data on (l,eflections and shear ;)ohLWior of uniformly 
loaded, restrained, Tee-beams; such information beine; completely or almoDt 
completely lacldng in presently 2.vailable reseB.rch reports. lIost research 
data hitherto available has been limited to the rele.tively unrealistic 
cases of one or two-point loacli.n::s applied to simply-suPlJOrted, rectan1;;ular 
beams. 
2. !3_c~~ Tuenty-four restrained Tee-beD.111s Here tested to destruction. 
Sixteen beams vTere loaded by concentrated forces, and the remainin:,: eight 
uere loaded by means of a series of closely spaced hyc1rauJlic rams to 
simUlate the effect of a uniformly-distributed load. 
Eight beams uere retestec1, over their undamaged sections 1'J'i th tuo 
s:YlTlIl1etrically placed concentr2.ted loads on a simple span of 8 I - 011, ma:~inZ 
a total of thirty-tuo beam tests. 
Tvro concrete strengths uere used havin[ nominal values of 3000 and 
5500 psi. cylinder compression strength. All lon~ituc1inal reinforcement 
was of alloy steel having a nominal yield stren.:;th of 80,000 psi. All 
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lonsitudinal steel bars used in the project 1:-18re deforY:1ec~ bars con.f~"ilg 
to ASTH specification A-305. Tuo concrete strengths, tuo lonGitudinal 
reinforcement ratios and tuo vJeb steel ratios 'Here used in each series of 
beams. 
Experimented data included crack uidth measurements, bear:: deflections, 
strains in loneitudinal bars# strains in concrete, and Jtr end slip. 
The project Has carried out in the Structural 
Research Laboratory of the Department of Structurnl ::::ngineerinG at Thurston 
Hall, Cornell University. 
The vlOrk uas supervised by Dr. George Hinter, head, Department of 
Structural Engineering as Project Director. Principal Investi"ator Has oJ 
S. A. Guralnick, Researcl1 Associate in Civil Engineering. Other persormel 
-. -.,.., .. <._--
engaged in the project included ):1. SUJata, Instructor in Ci vill~n:ineering, 
G. SC:lofield and D. IJintrincer, assistants, and. E, Pittman., La'uoratory 
liechanician. 1'11". Schofield rerits special corlhllendation for his careful 
and conscientious vlork in all phases of laboratory and computine; Hork 
cormected uith this project, 
4. Acknouledgezoonts 
---- .-- ... 
This project uas sponsored jOintly by the 
Reinforced Concrete Research Council o.no the United States Bureau of Public 
Roads. A task committee, appointed by the Reinforced Concrete Council, to 
provide general supervision of the investi:ation Ho.:3 constituted as folioHs: 
Dr. Z. Hognestad, chairman, Hessej,"'s. O. lY. Irvrin, R. C. Reese and C. A. 
Willson, members. 
111". l'lilliam P. Nunr;er, mana[:"er of the reinforcing steel sales department 
of the Ryerson Company of Buffalo, lIeu Yorl<:, deserveG special thanks for his 
splendid cooperation in supplyin:; the proj ect vd th Hell-made reinforcing bar 
stirrups in very short order. Hr. Perldns of the University Sand and Gravel 
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Corp. of Ithaca, New York, has also helped considerably by carefully stock .. 
piling and bat chine aggregate for the project and by making available a 
truck-mounted mi.."'Cer l-lhenever it was needed. 
The author is deeply grate;f'ul to th~se persons and to his marw friends 
and colleagues of the Collec:e of Engineering whose suE;:3estions and encourage-
ment contributed materially to the proeress of the project. 
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5. Notation 
As = Area of tension reinforcement 
A~ = Area of compression reinforcement 
a = Shear span or distance from plane of nearest concentrated load 
to plane of support 
b ::: Overall width of flange of Tee.beam 
b' = Width of web of Tee-beam 
C = Total internal compressive force in the concrete 
c = Length of arm of internal couple of flexural resisting moment, 
or distance between C and T. 
d = The effective depth, or distance between outermost compression 
fiber of beam and the centroid of the tension reinforcement 
d' = Distance between outermost compression fiber of beam and the 
centroid of ·the compression reinforcement 
Ec = Secant modulus of concrete* 
Es ::: Modulus of elasticity of steel* 
Et = Initial tangent modulus of concrete* 
ep = "Pure" plastic strain in steel 
er ::: Total strain in steel to rupture minus the elastic and "pure" plastic strains 
ey = Total elastic strain occurring in steel up to the yield point 
fb = Cylinder compressive strength of concrete 
fc = Compressive flexural stress in concrete 
fr = Tensile modulus of rupture for concrete 
fs = Stress in reinforcing steel 
fy = Yield stress in reinforcing steel 
I ::: Moment of inertia 
Ig ::: Gross moment of inertia of whole concrete cross-section 
Ie = Effective moment of inertia of cracked or II transformed" 
reinforced concrete section 
h I: Overall depth of beam section 
j = Ratio of arm length of internal couple of flexural resistin~ 
moment to effective depth 
k = Ratio of' depth of neutral axis to effective depth 
kl1k2,k3 = Parameters describing shape and size of flexural 
compression stress block 
L = Total length of beam 
M = Bending moment 
Mf = Calculated ultimate flexural resisting moment* 
Ms = Calculated ultimate shear moment* 
Mu = Maximum applied moment at failure in test beam** 
n = Es/Ec, the modular ratio 
p = The longitudinal tension steel percentage as defined in the text 
pi = The longitudinal ·compression steel percentage as defined in the 
text 
l' = The ,reb steel percentage referred to the stem of the Tee-section 
T = Total force in the tensile reinforcement 
t = Thickness of flange of Tee.beam 
v = Shearing force 
Vc = Maximum shearing force occurring in beam at the appearance of the 
first diagonal.tension cracl~ 
Vu = Maximum shearing force occt~ring in test beam at failure** 
Val = Maximum shearing force allowable in beam under the provisions of 
Chapter 8, ACI building code no. 318-56 
W = Total force applied to test specimen as indicated by dial of 
testing machine, or "machine loadll 
We = Machine load at the appear~~ce of the first diagonal-tension crack 
Wu = Machine load at failure of test specimen 
Greel~ letters 
s= Actual deflection of test beam measured at a point just belovl the 
. interior l~ in the case of restrained beams, or at the beam 
centerline in the case of simple beams* 
* In these cases a prime ( I) or double prime (") mark over a letter 
indicates that the quantity so designated is the result of calcula-
tion, not test measurement. 
** A bar (-) over the letter indicates the quantity contains the dead 
. load as well as the aM>lied load. 
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B. EXPERIMENTAL PROGRAM 
6. pescription of Test Program and_Beam Specifications 
The experimental program consisted of the testing to destruction of 
twenty-four, restrained Tee-beams. Sixteen beams were loaded under concen-
trated forces, and the remaining eight were loaded by meaps of a series of 
closely spaced hydraulic rams to simulate the effect of a uniformly-
distributed load. The beams were divided into three series of eight beams 
each: 
a. Series I beams were 17' - 0" long and consisted of a cantilever of 
41 - 0" and a span between supports of 10' - 0". These beams were loaded at 
a point 31 ... 0" from the interior reaction on the cantilever span and at a 
point 3 t ... 0" from the interior reaction on the span betw'een supports. 
(see figure 1) 
b. Series II beams were 19' ... 0" long and consisted of a cantilever 
span of 4' - 0" and a span between supports of 121 .. 0". These beams were 
loaded at a point 3 r ... 0" from the interior support on the cantile ver span 
and at a point 6' - 011 from tm interior reaction on the span between 
supports. (see figure 2) 
c. Series III beams were 20' ... 0" long and consisted of a cantilever 
span of 5' .. 7" and a span bet\leen supports of 13' .. 5". These beams were 
loaded with a series of rams spaced l' .. 0" on centers along the entire 
length of the beam. (see figure 3) 
In the beams above, magnitudes and spacings of leads were so adjusted 
as to produce approximately equal positive and negative moments. The beams 
of series I were retested over their undamaged sections with two symmetri-
cally placed, concentrated loads on a simp':e span of 8f .. 0". The loads 
were placed 2' .. 0" apart and 31 .. 011 from the reactions. (see figure 4) 
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These portions of the series I beams which were retested will be called 
"retest specimens" for the remainder of this report. 
Properties of the beam specimens appear in Table 1. Figures 5, 6, and 
1 give the physical details for each series of beams. All specimens were 
of the same Tee-shaped cross-section. Tension and compression reinforce-
ment conSisting of alloy steel, hi-bond, deformed bars with nominal yield 
strength of 80,000 psi was used in all beams. Vleb reinforcement (vertical 
stirrups) consisting of intermediate grade steel bars with nominal yield 
strength of 40,000 psi was used in all beams. Figures 5, 6, and 1 show 
details of placement of longitudinal bars and spacing of vertical stirrups. 
Longitudinal bars were placed in tw'o layers at top and bottom of the 
section with one inch clear between layers. These bars were spaced evenly 
and symmetrically across the section. Vertical stirrups were spaced evenly 
along the entire length of the beam in all specimens. 
Longitudinal steel percentages (referred to web of Tee- section) used 
in the beams were 1.31, 2.38, and 4.21. vleb steel percentages were 0.25 and 
1.63. Nominal concrete strengths were 3000 and 5500 psi. Distance of 
center of gravity of each longitudinal steel bar group to far face of the 
section was approximately 12.25 inches. Ratios of length of shear span to 
effective depth, aid, were approximately 2.94 and 5.88 in the twenty-four 
beams tested with concentrated loads. 
Sections of maximum shear and maximum moment in the beams tested with 
concentrated loads occurred over the interior support and under the interior 
load. 
A section of maximum moment; and maximum shear occurred over the 
interior support in beams with uniformly .. distributed loads. A point of 
maximum moment also occurred between supports in these beams but the shear 




Cement was purchased in three lots and stored in a dr.y place for not 
Longer than three months before use. T,yp~ I cement was used in all spec-
imens. Nazareth brand was used in all 3000 psi concrete specimens except 
beams IA-l and IIA-l. Lehigh brand was used in all other specimens. 
b. Aggregate 
Aggregate for the 3000 psi concrete was supplied by the Ithaca-
Rumsey Sand and Gravel Corp. from local sources. The grading of these 
aggregates (termedr;tlIthacall ) is given in Table 2 and their composition is 
given in Table 3. The maximum size of the gravel was 5/8 inch and the 
fineness modulus of the sand was 2.86. The specific gravities of the 
gravel was 2.64 and that of the sand 2.67. 
Aggregate for the 5500 psi concrete was supplied in one lot by the 
Eastern Rock Products Corp. from their pits at Boonville, New York. The 
grading of these aggregate (termed lIBoonville l1 ) is given in Table 2 and 
their composition is given in Table 4. The maximum size of the gravel 
was 5/8 inch and the fineness modulus of the aand was 2.78. Specific 
gravity of the gravel was 2.68 and that of the sand was 2.65. 
c. Concrete Mix 
Two mixes were used having the following proportions: 
(1) For 3000 psi concrete with Ithaca aggregate 
sand,SSD' .' . 1700 Ibs ./cu. yd. 
gravel, dry 1610 lbsc/cu. yd. 
cement (type I) 5 bags/cu. yd. 
water (total) 35 gals./cu. yd. 
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(2) For 5500 psi concrete with Boonyille aggregate 
sand, SSD 1600 Ibs./cu. yd. 
gravel, dry 1600 lbs./cu. yd. 
cement (type I) 7 bags/cu. yd. 
water (total) 35 gals./cu. yd. 
Aggregates were batched by weight at the ready-mix plant and delivered to 
the laboratory in a truck-mounted, six-cubic-yard, horizontal, nontilting 
mixer. Cement and water were carefully measured and added to the truck 
mixer at the lab. :Nixing time was from 6 to ten minutes. Final propor-
tioning of the water was on the basis of the slump test. Slump for all 
mixes was maintained at 2 1/2 to 3 inches. Two to four berons were poured 
from each batch of concrete (i.e. concrete was poured in two to four cubic 
yard batches). Nine control cylinders and four modulus of rupture beams 
were taken from each batch of concrete during pouring. Cylinder compressive 
strengths and modulus of rupture values are reported in Table 7. 
d. Reinforcing Steel 
Longitudinal reinforcement was made of alloy steel, deformed bars 
supplied by the Inland Steel Co. in one lot the composition of this steel 
is given in Table 5. The bars were all rolled from one heat of steel 
(according to the manufacturer). A large number of tensile coupons were 
taken from bars in each size range and tested to rupture. Spacing, vudth
' 
and height of deformation were measured on a large number of bars in each 
size range. The results of the deformation measurements appear in Table 6. 
A photomicrographic analysis was performed on several prepared samples taken 
from #7 bars. 
Except for the photomicrographic analysis and deformation measurements, 
the tests performed on the web reinforcing steel was exactly the same as 
those performed on the longitudinal steel mentioned above. 
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Two types of web steel were used; the #4 bars were of intermediate grade 
with a nominal yield strength of 40,000 psi and the #2 bars were of cold-
drawn wire with a nominal yield strength of 80,000 psio It was supplied in 
two lots already fabricated into stirrups by the Joseph P. Ryerson Co. of 
Buffalo, New York. All actual dimensions on the fabricated stirrups were 
within t 1/16 inch of the design specificationso 
8. Fabrication and Curing of Test SpeCimens 
Beams were cast in the same positions as tested. Formwork consisted of 
braced sheet steel side members and 2-inch thick wooden bases. Ends of forms 
were made of 3/4-inch plywood stock drilled to allow the longitudinal steel 
bars to extend 311 beyond the face of the finished beam. Figure 8 is a photo-
graph of a typical form (one of four). The reinforcement was assembled out-
side of the forms into "cages" using soft-iron bar ties. After completion, 
the cages were lowered into the forms. IIChairs" were provided every four 
feet along the length of the beam to support the bottom bars. Actual beam 
dimensions were held to within ± 1/8 inch of design values in all cases~ 
All wood surfaces of the forms were finished with several coats of waterproof 
varnish for sealing. 
Concrete quantities supplied by the truck mixer were sufficient to 
cast from two to four beams at a time. Immediately before pouring, all 
inside surfaces of the forms were given a light coating of oil. Forms 
were filled in two horizontal layers and the fresh concrete in each layer 
was thorougbly compacted with a one-half hp. internal rod vibrator. Top 
surfaces of beams"'were screeded and smoothed with a steel bar. Two 6-inch 
coil loops* were inserted in the top of each beam shortly after pouring to 
facilitate handling. Two hours after pouring, a water-proof paper membrane 
*Manufactured by Superior Concrete Accessories Corp., Chicago, Illinois. 
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was stretched over the top of eaoh form thus sealing in moisture on all 
sides of the beam. Three days after pouring, forms were removed and the 
beams placed in the constant-humidity moist room for eighteen days. Twenty-
one days after casting, the specimens were removed from the moist room, 
stored in the laboratory, and allowed to dt-y until testing at an average 
age of approximately 28 days. 
Nine 6 x 12 inch control cylinders were made from each batch of 
concrete. Standard cylinder molds were filled in three layers and rodded 
25 times per layer with a bullet-nosed steel rod. Also, four 6x6x21 inch 
modulus of rupture specimens were made from each batch of concrete. The 
steel modulus of rupture forms were also filled in three layers and com-
pac ted in the same way as the cylinder specimens. T""1o hours after cast-
ing, waterproof paper membranes were placed over the cylinder and the 
modulus of rupture forms exactly as in the case of the main beam specimens. 
The cylinders and modulus of rupture specimens were stripped, cured and 
dried along vIi. th the corresponding main beam specimens. All cylinder and 
modulus of rupture specimens were tested at 28 days from time of casting. 
9. Testing Equipment 
a. Concentrated-load Apparatus 
A standard 400,OOO-pound Bald~~n Universal Testing machine was adapted 
for applYing two concentrated loads to beanl specimens. The modifications 
" 
to the 400,OOO-pound machine consisted in bolting a 20' - 0" long steel 
reaction beam to the table of the machine and in using a steel header beam 
between the compression head of the machine and the test specimen. Figure 
9 shows a beam in position for testing in the concentrated load machine. 
Figures 1, 2 and 4 show details of spacing and method of application of 
loads. Positioning of beams in the 400,OOO.pound machine was accomplished 
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using a portable chain hoist trestle and specially fabricated lifting 
cradles. 
b. Uniform-Load Apparatus 
The uniform-load condition on the beams was simulated by subjecting 
them to concentrated forces spaced l' - ~I along the entire beam length. 
These forces were supplied by lO-ton Blackhawk hydraulic rams fed from a 
common manifold which was in turn fed by a hand pump. The maximum operat-
ing pressure was 10,000 psi. Ram load was measured by attaching a "dummytl 
ram (fed from the main manifold) to a Baldwin-Tate-Emery load-measuring 
cell and Bourdon Gage apparatus. Each ram was numbered and calibrated 
separately in place with a Morehouse 20,OOO-pound-capacity proving ring. 
The difference between ram load measured with the proving ring and ram 
load indicated by the load-cell Bourdon gage was in all cases less than one 
percent of the measured loadj consequently, no adjustment$of indicated-load 
data was deemed necessary in reporting test loads. 
The reactions of the ranIS were taken by a 30-inch, 'vide-flange header 
beam. This beam was held down by two yokes, each of which was attached to 
a 200,000-pound-capacity anchor secured to bedrock. Figure 10 shows a beam 
in the uniform load machine ready for testing. Figure 3 gives details of 
spacing and method of application of loads. Since rather large beam 
deflections were anticipated, ball joints were provided at the top and 
bottom of each ram to allow it to incline slightly as the test specimen 
deflected. Maximum deviation of anyone ram from its originally vertical 
position was approximately 2 degrees at the end of the test. 
c. De~~uct1OD V~nB~ement 
In all test specimens, except beams IA-2 and lIA-2, deflections were 
measured with dial gages reading to 1/1000 of an inch having one inch 
travel. '.l:be dial gages were securely clamped to a steel bridge beam which 
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was supported at the reaction points of: the test specimen. The dial gage 
plungers impinged on the under side of the tee-flange of the test specimen 
at a point close to the stem. Two sets: of two dial gages each were pro-
vided. One set of dial gages, called "compensating dial gages" measured 
the displacement of the test specimen relative to the bridge beam due solely 
to vertical compression effects at the supports (i.e. displacement caused 
by seating of the test specimen on its supports and by compressive deforma-
tion in the test specimen in the immediate area of the reaction forces). 
The other set of dial gages, called 1Ideflection-measuring dial gages", 
measured the displacement of the test specimen relative to the bridge beam 
due to deflection under load. These dial gages, of course, also registered 
displacements caused by the vertical compression effects. In order to 
remove the vertical compression effects from the deflection data, the 
readings'" of the "deflection-measuring dial gages" were adjusted using the 
readings from the "compensating dial gages". 
Figure 10 shows the complete deflection measuring setup for unifor.mly-
loaded beams. Figures 1, 2, 3, and 4 give the locations of all dial gages 
for the beams of each series. The "deflection-measuring dial gages" and the 
"compensating dial gages" are denoted by separate symbols for clarity. 
Beams IA-2 and IIA-2 were the first beams tested of the program and in 
these beams deflections .1ere measured with a precise 20 X surveyor's level 
reading against steel scales taped to the web of the beam. It vms found 
that this procedure yielded fairly low precision results by laborator,y 
standards. Switching to the procedure employing dial gages appeared to 
improve the precision and reliability of the deflection data considerably. 
Consequently, dial gages were employed for deflection measurements on all 
of the remaining thirty-two test specimens. 
'j 
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d. Strain Heasurement 
Type A-9- and type A-12 SR-4 electric resistance strein ~2.ces Here used 
in all beams to monitor both steel a.nc~ concrete strains at points of maximum 
moment. Gages of one-inch length mounted on reinforcinc bD.rs Here attached 
according to a procedure presently used at the Portland Cement Association 
Laboratories{:-. l'1aterials used in this procedure other than the strain :ac;e 
itself, uere Cyclevreld Epoxy Resin Cement, Petrosene He.x and (18 solid 
conductor, plastic- insula.ted, lead-in Hires. Locations of reinforcing bar 
gages are ShO'tID in figures 5, 6, and 7. Concrete surface ~~a[.:es of 6-inch 
gaCe length Here simply attached 'Hith !)uco cement several days prior to 
testinz. In all strain [age applications, resistance meE'csured bet,rec!1 
lead-in 1-lire and "ground" was found to be in excess of 40 megohms imme(~iately 
before testing. S't-Jitching and initial balancinG lms accomplished d.th a 
Youne; Testing lIachine Company, 20-point unit. Strains Here r,leasured 't-r.i. th a 
Baldi-Jin SR-4, battery-operated strain recorder (tY:Qe Ie). The temperat,ure 
compensation ("dummy") ~age for the reinforc:inp; bar gC:czes 1ms mounted on 
a short bar embedded in a 6 x 12 inch concrete cylinder. The dummy gage 
for the surface concrete ;;af,8s HC',S mounted on the outside surf2.ce of the same 
concrete cylinoor. 
e. Slip lfeasurement 
Hhere loneituclinal reinforcing extended to the enG of the beGm, the 
bar ends 1-Jere allow'ed to protrude 3-inches outside the end fc:.ce of the bemll. 
A dial gaGe reading to 1/10,000 inch lr.i.th 0.3 inch travel attached to a 
steel clamp ifas mounted on one ena of each beem. The plun~~er of the dial 
gap,e touch~d the end of one tension bar of the group; thus any movement of 
*This procedure uas kindlY taUGht to the Principal InvGstic;ator throueh the 
courtesy of Dr. 'S. Hoc;nestad and Hr. N. Hansen of the P. C. A. 
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the bar end relative to the beam uould be indicated on the dial gage. The 
end face of this bar Has ground to provide: a smooth bearing surface. Figure 
11 is a close-up of the slip~age apparatu's in place on the beam. 
f. Crack Neasurement 
Concrete crack vridths uere measured 't·ri th a 50-pm-Ter hand microscope 
having a reticule eli vided in 1/1000 of an 'inch. All flexural-tensi on 
cracks and diagonal-tensi. on cracks 't-J'ere measured at every other load 
incre~ent. Figure 12 is a photograph of the microscopes used througho~t 
the test program. 
g. Concrete Cylinder and :dodulus of Ftupture Test J1:quipment 
Standard 6 x 12 inch concrete control cylinc1.ers 'Here tested in a Baldwin 
400,000 pound capacity, hyc~aulically-operated, compression testing machine. 
A mechanical strain gage of 10-inch rage length and a multiplication factor 
of 2 was used on tvJO cylinders of each [~roup of 9 specimens to obtain the 
complete stress-strain curve. The dial gage on the strain measuring device 
had oivisions of 1/1000 of an inch. FiGUre 13 shO't-TS a cylinder ready for 
testing in this machine. 
110dulus of rupture beams 6 x 6 x 21 inch in size Here tested in a 
12,000-pound capacity Soiltest Corp. mechanical-jack-operated modulus of 
rupture testing machine. Loads uere measured with a provine ring. Clear 
tBpan of all sp ecimens vms eighteen inches and third-point loaoin::: \Jas 
applied. Figure 14 is a photograph of the apparatus used for these tests. 
h. Reinforcing Bar Test Equipment 
Reinforcing bars lrJere tested in the same 400,OOO-pound Baldwin universal 
testing machine that vIas used for the concentrated-load beam specimens. 
Strains were measured uith a Baldvdn microformer extensometer having a 2-inch 
gage length. This device is a variable-inductance type strain gage. The 
output of the gage 't-TaS fed into an electronic autographic recorder lrrhich 
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traced the entire load-deformation history of the bar on a drum-mounted, 
strip chart. 
Certain bars uere turned dONn on a lathe to the form used for standard 
ASTM tension spec:linens. These specimens ''lere also tested in the 400,000-
pound machine and strains 'H~ also measured Hith the microformcr extenso-
meter. Figure 15 is a photograph of the entire setup for this -test and 
Figure 16 is a close-up of the bar nith strain 0age attached. 
10. Testing Procedure 
R!_ r •• 
a. Concrete Cylinder and l'Iodulus of Rupture Tests 
At age 28 days all concrete control cylinders ,'rere capped on both ends 
with "hydrostone ll compound. Caps "Tere made as thin as possible and aligned 
so that surface of cap "las perpendicu:J.,ar to the long a:;:is of the cylinder. 
Cylinders vIere compressed in the testing machine c1escribed in section 9-g 
at a constant rate of loading of 15:,000 pounds per minute until rupture 
occured. Two specimens from each group of nine VIere tested vIi th mechanical 
strain Gages attached. Deformation reaclings Here taken at increments of 
10,000 pounds up to the point of rupture for specimens made of 3000 psi 
(nominal) concrete. The specimens made of 5500 psi (nominal) concrete had 
their ends cut Hith a diamond-wheel saH to give perfectly smooth end faces. 
This cuttin~ reduced the heiGht of the cylinder to approximately eleven 
inches thus causing the head of the testing machine to contact the strain 
gl?·ce frame after only a little over half the ultimate load uas reached. 
Consequently it lIas found impossible to obtain the full stress-strain 
diagram for these cylinders. 
Four modulus of rupture specimens from each batch of concrete were 
I 
tested at age 28 days. All these specimns 't>lere subjected to third-point 
loading in the special machine described in section 9-g. Rate of loading 
was approximately 2000 pounds per minute. After rupture, accurate measure ... 
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ments of the failure section were made for the purposes of computing the 
modulus of' rupture. 
b. Reinforcing Bar Tests 
Tensile coupons "tiere taken from one third of all the bars in each 
size group. These coupons were 3' - 0" long and 't-lere tested to destruction 
in the 400,000 pound Baldt,Jin universal testing machine described in section 
9-h. Vee-wedge jaw grips were used to hold the specimen in the machine heads. 
Load-deformation diagrams were taken for each specimen using the microformer 
strain gage and autographic recorder also described in section 9-h. The 
diagram uas recorded up to a load uhich caused a stress in the bar well 
beyond its yield stress. Rate ofloading(-was:~approximatelY 5,000: pounds' 
per minute.-
Several bars from each size group 'Here turned dmm to the form used for 
the ASTl-I standard tensile specimen. These specimens were tested in order to 
obtain as accurate a stress-strain dia[;I'arll as possible uith available equip-
ment. Positive-clamping, shoulder grips can Je used 'lith these specimens 
uhile Vee-HedGe-jaw grips must be used when testing the reinforcing bars 
themselves. Slight slippages of the reinforcing bar in the Vee-Hedr;e-grips 
during testing are picIred up by the very sensitive strain follo't'rer used (i.e. 
the microformer strain gage) and cause noticeable, erratic distortions of the 
load-deformation diagram. Since no slippage is possible with specimens 
properly mounted in the positive-clampin3 grips, errors in the load-
deformation diagram due to [;rip slippa:=e are eliminated. The turned-down 
specimens 't-rere tested at a rate of loading approximately 4,000 pounds per 
minute and the complete load-deformation diagram for each specimen vTas 
taken on the autographic recorder. 
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c. Beam Tests 
(1) Beams subjected to Concentrated Loads 
All beams of series I and series II, sixteen in all, nere tested under 
two concentrated loads applied b,y the 40Q,OOO pound-capacity universal 
testing machine mentioned in section 9 .. a. After the beam Has placed in the 
testing machine, two 111 X 6n x 1111 steel plates 'Here embedded in a plaster-
of-Paris base on the top surface of the beam at the points of application 
of the load. 1'!hile the plaster uas still soft, the plates v1ere adjusted 
for position and level in both directions. Loads nere applied in equal 
increments to failure. Bet't>1een eight and fifteen increments Here required 
to reach the failure load. After each increment, the load Has held at a 
constant value while deflection, steel strain, concrete strain, and bar end~ 
~lip measurements were taken. At every other load increment Hidths of all 
cracks were measured in addition to the other measurements cited above. At 
each increment all cracks were outlined with a heavy black crayon and the 
machine load Nas recorded at the head of every crack. A photograph was 
taken of each beam showing the cracking pattern at failure. In all cases 
the beams were loaded until they ruptured completely. The testing time for 
each beam varied between two to four hours. 
(2) Beams Subjected to Uniform Loads 
All beams of series III, eight in all, Here tested under a series of 
closely-spaced hydraulic rams simulating a uniform load.. The testing 
procedure for these beams Has substantially the same as that used in test-
ing the concentrated-load berons uith the exception that the uniform-load 
beams were tested in the machine described in section 9-b. Also, since 
the top surface of all the beams were quite smooth and flat, it 1'l8.S not 
found necessary to bed the loading plates in plc-.ster-of-Paris as was done in 
the case of the concentrated-load beams. Othertdse, the testing procedures 
were similar 1n the two types of loading, 
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O. TEST RESULTS 
11 •. : Test~Data 
Table 7 gives the cylinder compression strength of the concrete used 
in the various groups of beams. Also, modulus of rupture, initial tangent 
modulus and the secant modulus for a stress equal to one half the ultimate 
compressive strength are reported. 
A formula for preticting the initial tangent modulus for concrete is 
given by Jensen in reference (7) 
E' Q t 
as: 
30 x 106 ff 
c 
5 flc + 10,000 
Values of Et for the concrete strengths used in the project are listed and 
compared with the actual values of Ettn Table 7. 
The secant modulus, Ec at one half the ultimate stress (the quantity 
usually meant when one refers to the "modulus of elasticity" of concrete) 
can be predicted from cylinder compression strength data according to a 
formula proposed by Gaston, Siess and Newmark in reference (6) as: 
EA - 1.8 x 106 + 460 £6 
Values of EI for the various concrete strengths used in the project are 
c 
also listed and compared with actual values of Ec in table 7. 
Figure 17 shows typical stress - strain curves for the two t~~es of 
concrete used in the project. It was found impossible, with the equipment 
on hand, to obtain the upper portion of the stress - strain curve for the 
high-strength concrete from actual measurements because of the experimental 
difficulties mentioned in section 10-a. Since the stress-- ~ strain curvesl.:-
only used to obtain values of E and' E , the omission of the upper portions 
t c 
from the test data was not considered serious. 
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The comparison between calculated and actual values o~ the two concrete 
moduli given in table 7 indicates good agreement between test results and 
calculated values in three cases and fatr to poor agreement in the other 
three cases. Since measurements for determining the concrete moduli ",ere 
taken on only two cylinders from each batch of concrete, it is probable that 
the equations for predicting these moduli have yielded better estimates of 
the average properties of the concrete than the measurements did. 
b. Properties of Reinforcing Steel 
The average mechanical properties of one-third of the total number of 
bars in each size gro~ are given in table 8. The maximum standard deviation 
of sample data was fo~d to be in no case greater than l~ of the arithmetic 
average value. Thus it was considered reasonable to assume that the actual 
value o~ any mechanical property for any given bar did not differ ~rom the 
tabulated average by more than 3% in either direction. Since the anticipated 
difference betueen actual values and the average was so small, it was not 
considered necesasr,y to test a co~n cut from each barj espeCially since a 
variation in mechanical properties of 3~ can be reasonably anticipated along 
the length of a bar. 
The differences in yield strengths listed in table 8 for the No.6, 7, 
and 10 high-strength steel bars may be due to extra cold-working done on 
the smaller-size bars during rolling. 
A typical stress-strain curve for each type of steel used in the test 
specimens is shoun in figure 18. The curve labeled "alloy-steel" is repre-
sentative of the stress-strain characteristics of the bars used as longi-
tudinal. l"einforcing in all the test specimens. The It intermediate grade 
steel" curve represents the stress-strain characteristics of the No. 4 web 
reinforcinS bars and the "cold-drawn wire" curve represents the 
characteristics of the No. 2 web reinforc1ng bars. 
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Although it was anticipated that th~ high-strength, alloy steel supplied 
by Inland Steel Company for the project would have a rather long "yield-
plateau",* figure 18 shows that this was not the case. A long "yield-
plateau" is considered a desirable featUre in a structural steel because of 
the warning I through excessive deflections and cracking, given by structures 
made with such steel when stressed to dangerous levels. Also, the alloy 
steel supplied for the project had a 10'\'Ter percent elongation than was 
expected from the specifications given in the American Society for Metals 
Handbook, reference ii, for such steels (i.e. for an SAE No. 9255 steel). 
In view of the unanticipated properties of the alloy steel supplied for 
use in this project, the following metallurgical investigation of the alloy 
steel was made in order to gain more knowledge of its properties. A micro-
graphic examination of etched specimens of the steel was made. This exam-
ination l~vealed that the alloy steel has a grain structure consisting of 
9CY/c fine lamellar pearlite \d th 10% discontinuous proeutectic ferrite. This 
type of grain structure appeared to be almost identical with that of a heat-
treated and tempered 0.64% carbon steel. To check this conclusion, several 
specimens of 0.64% carbon steel were prepared and tested for comparison with 
the alloy steel. Half of the carbon steel specimens were heated to l6500F 
and oil quenct.ed and the other half '\fere heated to the same temperature and 
air quenched. Neither group of carbon steel specimens were tempered. This 
procedure was adopted because it appeared that the alloy steel would probably 
resemble an oil-quenched, tempered carbon steel; consequently, if neither of 
the carbon steel specimens were tempered, the alloy steel would probably 
fall midway between the two carbon steels in stress-strain properties. 
Figure 19 gives curves representing the average stress-strain properties of 
* This W!t'II1 means the horizontal portion of the stress-strain diagram which 
_ occurs Just after yielding but before work-hardening starts (see figure 
18). 
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carbon steel specimens and the alloy steel specimens tested for this 
investigation. A comparison of the three curves shov1s that the yield stress 
of the alloy steel is indeed midway between that of the two carbon steels. 
However, the length of the llyield-plateau" or the amount of "pure plastic 
strainlf and the percent elongation of tl1e alloy steel are about equal to that 
of the oil-quenched carbon steel and not midway between the values of the 
oil-quenched and air-quenched carbon steels. The average ratios between the 
elastic strain at yield, ey; the IIpure plastic strain", ep ; and the total 
remaining strain, er ; for the three steels which were compared are 
approxfmately:* 
0.64% C, oil-quenched - ey:ep~er = 1000:0.68:50.0 
alloy steel - ey~ep:er =1.00:0.69:40.7 
0.64% C, air-quenched - ey:ep:er = 1.00:3.09:100.0 
One reason that may accowlt for the poor apparent ductility of the 
alloy steel is that some co;Ld-1vorking might have been done on the steel 
during the rolling operation on the bars. This possibility was mentioned 
before to account for the differences in yield point bet"1een the various 
sizes of bars. The hypothesis that the alloy steel was cold-vorked during 
rolling was tested by Ifrenormalizing" several specimens of the alloy steel 
at the recommended temperature of l6500 F and comparing the stress-strain 
properties of the Ifrenormalized" specimens with the properties of specimens 
in the "as-rolled" condition. Figure 21 shows tvo graphs representing the 
average stress-strain properties of the specimens tested for the purpose of 
comparing the behavior of the IIrenorrualized" steel with the "as-rolled" 
steel. It is quite evident from a comparison of the two curves of figure 
21 that somewhere in the bar manufacturing process, a certain amount of 
* The value for ep is somewhat dependent upon rate of loading; especially 
~ for steels with a short "yield-plateau". 
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cold-working was done on the steel. If it is considered necessary to 
preserve the full potentia.l "yield-plateau" of this alloy steel" then it is 
clea.r that especial care in manufacturing must be exercised. 
There are now on the American market some other high-strength steels 
which may have some interesting possibilities tor structural applications. 
Figure 20 shows stress-strain curves for two such steels* along with stress-
curves for structural grade (A-7) steel and the alloy steel used in this 
test program. Further studies to determine which of the high-strength 
steels now available prom~ses the greatest economy as concrete reinforcement 
may well be in order. 
All of the web steel supplied for this test program was supposed to have 
been of intermediate grade. However" as can be seen from table 8" only 
the No. 4 bars were made of this material. The No. 2 bars were made of cold-
drawn wire (apparently this is the common material for such bars) and had 
the very high yield stress common to such a material. Tbe yield stress for 
the No. 2 bars reported in table 8 is determined by the O.2%-offset method. 
All ultimate shear strength claculations were based on the yield strengtbs 
reported in table 8. Even though the No. 2 bars had very low ductilities" 
in no test beam was there any evidence of rupture of the web reinforcement 
at failure. 
c. Beam Tests 
Results of tests on all beam specimens are summarized in table 9. This 
table gives the machine load and maximum shear at the formation of the first 
diagonal tenSion crack; the machine load" maximum shear" maximum positive 
and ne gat i ve moments at failure i the type of failure" deflection" maximum 
* These curves were taken from fig. 1.1 of "Plastic Design in structural 
. Steel",,· reference (12). 
-27-
tensile steel strain and maximum compressive concrete strain at a load, at, 
or just before, failure occurred. 
Diagonal-tension cracking was assessed by visual observation. The 
diagonal-tension cracking load was taken as the load at which a decidedly 
inclined crack first intersected the level of the tension steel at an acute 
angle. 
Failure load was taken as the maximum load carried by the beam. In all 
cases, loading was continued beyond the maximum load until the specimen was 
destroyed. 
Failures occurred in one of three modes: diagonal-tension failure 
(abbreviated -- D.T.), shear-compression failure (abbreviated -- S.C.), or 
flexural-tension failure (abbreviated -- F.T.). These modes are defined 
for the purposes of this investigation as follows: 
(1) Diagonal.tension failure is a failure characterized by total 
destruction of the load-carrying capacity of the beam through the prolonga-
tion of a diagonal-tension crack from the bottom to the top of the beam 
resulting in a sudden rupture. 
(2) Shear-compression failure is a failure in which the compression 
zone of the concrete immediately above a diagonal-tension crack is des-
troyed by crushi~ resulting in a complete loss of the carrying-capacity 
of the beam. 
(3) Flexural.tension failure is a failure by yielding of the reinforce-
ment in the tension zone at a region of maximum moment after considerable 
deflections have taken place and before crushing of the compression concrete 
bas occurred. Final destruction of the beam is through Crushing of the 
compression concrete after the tension steel bas yielded. 
Table 9-A is a summary of the characteristics of the various modes of 
faUure and it was used to assian a definite failure mode to the test 
specimens. 
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12. Behavior of Beams Under Load 
- . -------------
Figures 22{a) through 25 illustrate the behavior under load of the 
test beams. Figures 22(a) through 22(c) are photographs of typical beam 
specimens after failure sho,.,ing the crack pattern traced on their sides and 
tte locations of the areas Where failure occurred. Tbe applied moment* vs. 
steel strain curves for a typical beam is shown in figure 23 and the applied 
moment vs. deflection curves for all beams are shown in figures 24(a) 
through 24(d). Deflection curves are plotted from measurements taken at a 
point in the beam under the interior load in main specimens and at the 
centerline in retest specimens (see figures 1, 2, 3, and 4). 
At low loads little or no cracking was evident in the test beams. 
As the test loads increased, flexural cracks in the positive-moment tension 
zone appeared and increased in width, length 1 and number with increasing 
loads. Diagonal.tension cracks did not appear until rather substantial 
loads (approximately 10% to 30% of ultimate load) were already on the beam 
and a flexural crack pattern of Sizable proportions was definitely estab. 
lished. The first diagonal-tension cracks, in main specimens, appeared 
invariably in the web of the beam in the area between the interior reaction 
and the point of contraflexure. As loads were increased, the diagonal-
tension cracks in the region between the interior support and the point of 
contraflexure increased in width, length, and number and new diagonal-
tension cracks appeared at other high.shear locations in the beam. Flexural 
cracks in the negative.moment tension zone of main specimens did not appear 
until a load of at least 10% of the ultimate load was already on the beam. 
Such cracks were never more than three in number and they increased mark. 
edly in size with increasing loads. 
* Whenever the term ap~lied moment is used, it indicates that the dead 
weight of the beam"was not inclUded in determining such moment. 
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a. Diagonal-Tension Failures 
Eighteen of the thirty-two beams tested failed in "pure" diagonal. 
tension while three others failed in a combination of diagonal tension and 
flexural tension. Failure occurred in those beans which failed in "purell 
diagonal tension when one of the large inclined web cracks extended itself 
from the bottom to the top of the beam progressing entirely through the 
flange of the Tee. This type of failure was quite sudden but occurred at 
a load very much higher than the load causing the first diagonal tension 
crack to appear (in marked contrast to the action of beams without web 
reinforcement which fail in diagonal tension under loads equal to or only 
slightly higher than the diagonal-tension cracldng load). 
In many cases the crack or cracks causing failure in diagonal-tension-
failure-beams are quite pronounced and easily seen in the photographs of 
figures 22(a) through 22(c) (c.f. beams IB-2 and IIB-2). Inclined cracks 
usually started in the web near the interior support at a load of approx-
imately 10 to 3r:Y/c of ultimate load. 'l'hese cracks started,in some cases, 
at the top of an existing flexural-tension crack and, in other cases, 
started quite indpendently of any existing crack. As the loads '\-I'ere 
increased, the inclined cracks extended themselves in both directions (i.~ •. 
toward the bottom and to,.,ard the flange of the beam) •. In main specimens, 
usually three or more inclined web cracks appeared on each side of the 
interior support and one or more inclined cracks appeared on the interior 
side of the exterior support before ultimate load was attained. In retest 
specimens,three or more inclined cracks appeared in both of the shear 
regions before ultimate load was attained. 
The curves of figure 23 show a marked change in direction of stress 
(from compression to tension) in the compression steel at loads of approxi-
mately one-half the ultimate load.. This change in direction of stress in 
the compression steel occurred in all main beams. No data concerning this 
phenomena was available trom the retest beams as they were not provided 
With strain gages. Tb1s change in direction of stress has also been tound 
in the shear investigations by Viest, Moody, Hognestad and Elstner (see 
reference (1», and it has been interpreted by them as evidence of a 
"redistribution of stress" in the shear region.* 
Failure in all diagonal-tens ion-failure beams occurred quite sUddenly 
when one of the large inclined web cracks extended itself from the bottom 
to the top of the beam progressing entirely through the flange of the Tee 
{see beam !B-2, figUre 22(a»8 In some cases the crack causing failure 
remained relatively straight along its entire length. In other cases this 
crack remained fa1r~ straight onlY until it reached the flange. On reach-
ing the flange, it turned to a horizontal plane and ran along the plane of 
intersection between the flange and web for a short distance, finally 
turning upward into the flange when it reached a point about one beam depth 
beyond the point of contra.fle~ure (see beam IIC-2, figure 22(a» •. 
b. Shear-CompreSsion Failures 
Two of the thirty-two beams tested failed in "pure" shear-compression 
and one other failed in a combination of shear compression and flexural 
tension and another railed in a combination of shear compression and flex-
ural compression. Tbe two specimens which failed in "pure" shear compression 
were beams lIIA-2 and IC.2r • In beam lIIA-2 the inclined web cracks in the 
area between the interior support a.nd the point of contraflexure extended 
deep into the compression concrete over the interior support (about two 
inches of compression area was left uncracked in beams baving a total depth 
ot fifteen and one_quarter inches). Failure occurred by crushing of the 
* The hypothesis tbat-"'i-edistribution of stre'ss" occurs before a diagonal-
_ tension or shear-compression failure can take place is essential to certain 
of the theories ad~ancedbytbe researchers mentioned above. 
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small portion of compression concrete remaining uncr.acked at the interior 
support. In beam IC.2r a large inclined 't>leb crack extended itself into an 
area of the compression flange adjacent to one of the concentrated loads 
leaving only about a two-inch depth of compression flange illlcracked. Fail-
ure occurred by crushing of the small portion of compression concrete 
remaining uncracked just above the head of the large inclined web crack. 
The location of the compression-failure a~ea was almost one foot outside 
of the region of maximum moment (see figure 22(b)). 
Diagonal-tension cr.acking and redistribution of stresses followed the 
same pattern of development as in the case of the beams failing in diagonal 
tension. Failures in the shear-compression beams were not nearly as sudden 
as in the case of the diagonal-tension beams. Considerable warning of 
distress through spallig and cracking was evident in the compression con-
crete at the failure location before rupture occurred. 
c. Flexural Failures 
Four main beams of the test program failed in "pure" flexur.al tension. 
Three of the retest specimens failed in flexure also but it was not pos-
sible to determine if yielding of the longitudinal tension reinforcement 
preceded crushing of the compression concrete since these beams were not 
provided with strain gages. From visual examination of the "Tide flexural 
craclts occurring in these beams and from their large deflections before 
failure, it seems reasonable to conclude that they too failed in flexural 
tension. 
All of the flexural.failure beams formed diagonal-tension cracks at 
much higher loads than did any of the other beams in the test program. 
The diagonal-tension cracks which did form were fewer in number, narrower 
and shorter than in any of the other beams. The diagonal-tension cracks 
did not penetrate the compression flange of the Tee-beam during any stage 
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of loading. However, at loads approaching the ultimate load, several of the 
flexural-tension cracks in the region of maximum moment did penetrate the 
compression flange to a depth of approximately two inches in most of the 
retest beams which failed in flexure (see beam IB_lr, figure 22(c». Fail-
ure occurred by crushing of the small portion of compression concrete 
remainil1g uncracked in the region of maximum moment. Failure was quite 
gradual ,nlth warning of distress through spalling and cracking in the com-
pression concrete at the failure location before rupture occurred. Final 
destruction of the beam was through crushing of the compression concrete 
in a region of maximum moment. 
d. "Cominbation" Failures 
As was mentioned earlier, a total of five beams failed in a manner 
which can only be ascribed to a combination of causes rather than in a 
definite, clear-cut, simple manner. 
Beams IB~l, IID~l and IIIC-l failed in a combination of diagonal 
tension and flexural tension. In all these cases the stress in the longi~ 
tudinal tensile steel ~t failure was at or very close to the yield stress. 
Also l the calculated ultimate shear moments and flexural moments were very 
close to each other for these beams; thus this type of failure was to be 
antiCipated in the design of the test specimens. During most of their 
loading history, these beams behaved similarly to beams which failed in 
pure flexural tension; however, final destruction of the beam lias by the 
prolongation of a diagonal-tension crack from the bottom to the top of the 
section causing a sudden rupture. In these beams, it appears plaUSible to 
reason that diagonal-tension failure \-las effectively prevented until after 
the longitudinal steel yielded. In beam IID-l a sudden widening of the 
flexural cracks over the interior support followed immediately by diagonal-
tension rupture was actually observed. The sudden widening of the flexural 
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cracks is almost certainly due to steel yielding. This phenomenon occurs 
so quickly that it is only by the merest chance that the investigator will 
have the exact failure location under direct observation when failure 
occurs. Although this sequence of yielding followed by diagonal~tension 
rupture was not actually observed in the other two beams, its occurrence 
was strongly suspected by reason of the similarity of all the other test 
data to that of beam lID-l. 
Beam IIIB-2 failed in a combination of shear-compression and flexural 
tension. In this beam, stress in the positive tension steel and the nega-
tive tension steel reached the yield stress before failure occurred. During 
loading this beam behaved in all respects as if it were going to fail in 
simple flexural tension. However, at failure, final destruction occurred 
by crushing of the concrete at the head of two very large diagonal-tension 
cracks at a region a short distance away from the region of maximum moment. 
From the evidence of steel stresses and high ultimate load, it is probably 
reasonable to conclude that this beam essentially failed in flexure with a 
secondary shear-compression effect occurring at, but not before, the 
ultimate load. 
Beam lC-lr failed when the compression concrete in the region of max-
imum moment failed by crushing. Ordinarily this ty:pe of failure would be 
claSSified as a flexural failure; however, in this case several diagonal-
tension cracks penetrated into the compression concrete zone between the 
load points (i.e., the maximum-moment region) thus leading one to the con-
clusion that the failure was due to a combination of shear-compression and 
flexural effects. The failure . load was so high in this ca.se though, that 
one could reasonably classify it as a pure flexural failure. 
e. Crack Formation 
Positive tension cracks formed in the tension zane at positive momen~ 
re~ons of the Tee .. beams at approx1mately lr:Jl; of the ultimate lead. C:rack:S 
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first started in the web of the Tee-beam at or near the region of maximum 
positive moment. As the load on the beam "V18.S increased" flexural-tension 
cracks started in regions on either side of the maximum positive moment 
region, The load which caused the first positive tension crack to ap~ear 
was, in all cases, at or extremelY close to the load which produced a com-
puted stress in the extreme tension fiber of the beam equal to the modulus 
of rupture of the concrete (considering the gross concrete section in beam 
action with the effect of the steel omitted)'. In beams which fa.11ed in 
flexure, a closely spaced, evenly distributed crack pattern in the positive 
tension zone developed before failure occurred. At failure~ spacing of 
cracks varied from about five to eight inches. In beams which fa.iled in 
diagonal tension or shear compression, the failure load waS usually so low 
that the beam did not have the opportunity to develop numerous positive 
tenSion cracks. In these beams, only a few positive tension cracks appeared 
before failure occurred. These cracks were usually centered closely around 
the area of maximum pos! ti ve moment. In all beams the post ti ve tension 
cracks extended slowly toward the flange of the Tee as the load was 
increased. These cracks did not penetrate the flange of the Tee except in 
the case of beams failing in flexure. In such beams, a few craclts near the 
region of maximum moment did penetrate the flange of the Tee to a depth 
equal to half the flange thickness it 
Negative tension cracks appeared at a load of approximately 20% of the 
ultimate load. Usually only two or three of these cracks formed during the 
entire course of the test it Tbey occurred in the flange of the Tee at the 
region of maximum negative moment. As loaa1l2g progressed, these cracks 
lengthened and, in most cases, penetrated the web of the Tee-beam~ In beams 
tailing in flexure, the negative tension cracks penetrated so far down into 
the web of the Tee as to leave only an inch and a halt of compression 
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concrete. The only reason compression failures did not occur at this region 
is because of the biaxial state o~ compression obtaining there due to the 
presence of the reaction force. The spacing of the negative tension cracks 
was from four to eight inches and, in the case of flexural failures, they 
opened very widely during the course of the test. The deflection of the 
overhanging end of the beam was usually strongly affected by the formation 
of a negative tension crack. Before such cracks formed, the overhanging 
end tended to move upward slightly under increasing loads; as soon as the 
negative cracks formed however, the overhanging end moved downward under 
increasing loads thereafter. Deflections of the pOl~ion of the beam between 
supports did not appear to be affected significantly by the formation of 
negative tension cracks although the rate of deflection increased after the 
formation of positive tension cracks. 
The formation of diagonal-tension cracks was discussed in section 12-a 
in connection with diagonal~tension failures. Certain of these cracks 
opened very widely during testing and, in the case of diagonal-tension 
failures, one or more of these cracks at ultimate load extended from the 
bottom to the top of the beam causing rupture. 
During the course of the test the w1dthof all cracks was measured ,-11 th 
a band microscope and the average width of all cracks and the average width 
of the t110 largest cl4acks was reoorded at every other load increment. The 
crack pattern was carefully mapped with black crayon on the side of the beam 
at every load increment. Figures 22(a), (b), and (c) show crack patterns of 
typical beams at failure. Figures 26(a), (b), and (c) are typical curves 
for computed steel stress and moment versus crack widths for one beam of each 
series. Curves are plotted in these figures for the average ~ddth of all 
positive flexural cracks, avel'8ge Width of the two largest flexural cracks, 
the average width of all negative flexural craQk~, the average width of the 
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two largest flexural cracks, and the width of the largest diagonal-tension 
crack. These graphs indicate the relatively large widths of negative flex-
ural cracks as compared to the positive flexural cracks commonly found in 
all beams of the test program. Also, these graphs show that the Width of 
the largest diagonal-tension crack was relatively larger than the average 
width of the two largest positive flexural cracks during most of the loading 
history of the beam. 
Table 13 gives the crack widths at "design" loads. The interpretation 
of the data in this table is given in section 17a. 
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D. ANALYSIS OF BEAM TEST RESULTS 
13. Load-Deflection Characteristics 
Figures 24(a) through 24(d) give ~he applied moment versus deflection 
curves for all beams tested in the pr0$ram. In the case of restrained beams 
(i.e. series I, II, and III) the defleQtions are measured at a point in the 
beam just below the interior load while for the retest specimens (series IR) 
the deflections are measured at the centerline of the beam. Beams with the 
same longitudinal reinforcement and concrete strength are paired in each 
diagram (e.g. beam lA-I and IA-2). The only difference between the beams 
which are paired is the amount of web re1nforcing. The figures show that 
in all cases the beams with the low amount of web reinforcing fail at lower 
loads than the beams with the high amount of web reinforcingj and thst 
deflections at corresponding loads during the latter half of the loading 
history are usually larger in the case of beams with low web reinforcing 
than in beams with high web reinforcing. 
Figures 25(a) through 25(d) show typical moment (includes moment due to 
dead load) versus deflection curves for eo pair of beams in each series. The 
horizontal dotted line closest to the axis on each figure indicates the 
moment, Mr , corresponding to a computed stress eq~al to the concrete tensile 
modulus of rupture. The curves of these figures show that the moment-
deflection curves are q~ite steep before Mr is reached, but after Mr is 
attained a break-away occurs and the slopes of the moment-deflection curves 
become somewhat flatter. The moment-deflection curve in most of the beams 
usually remained fairly straight until loads of more than half the ultimate 
load were applied. For loads above half the ultimate load, the moment-
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deflection curves for many of the test specimens had a tendency to curve down-
werd. This curving downward is especially noticeable in beams ID-2, lIA-2, 
and IC-1R of figures 25(a), (b), and (d) respectively. These beams ere the 
ones with the low amount of web reinforcement. 
A thorough discussion of the load-deflection properties of reinforced 
concrete beams can be found in references (3), (4), (5), and (6). Briefly, 
the conclusions reached in these papers can be summarized as follows: 
(1) Before the beam is loaded to a point where the stress in the 
extreme tension fiber reacbes the modulus of rupture of the concrete, the 
beam behaves as a homogeneous) plain concrete beam with the full cross-
sectional erea of concrete acting to resist bending. (The effect of the 
reinforcing is neglected). 
(2) After the load causing the computed tensile stresses in the 
concrete to exceed the modulus of rupture has been reached, the section 
resisting bending can be assumed as the usual elastic "transformed" section 
with the tension concrete erea neglected. This assumption is applicable 
for loads up to and including about half the ultimate load (i.e. up to and 
including the usual "design" load). 
(3) For loads above about half the ultimate load, plastic redistribution 
of stresses must be considered in calculating deflections. 
Lines representing moment versus deflection based on the gross concrete 
section and on the "transformed" section ar~ superimposed on the . moment. 
deflection diagrams.:ot figures 25(a), (b), and (e). The "design" moments 
(i.e. the dead-load mcment plus one haJ.f·the ult:tmate applied load) f-oit::the 
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test specimens are also indicated on these diagrams. As can be seen, the 
preceding analysis appears reasonably appl+cable. 
Since the concrete construction engineer is primarily interested in 
deflections at "design" loads, the test results have been compared in table 
10 with calculations for moments equal to 'the IIdesignll moment. Both main 
specimens (restrained beams) and retest specimens (simple beams) have been 
analyzed. In the case of the restrained beams, the moment of inertia, based 
on the "transformed" area varies between the negative moment and positive 
moment regions. However, the variation is only of the order of about five 
percent,so an average value was taken as applicable for the whole beam to 
reduce complications in the calculations. From strain gage measurements 
(see figure 23) it was found that the compression steel was not carrying 
an appreciable amount of stress in any of the beams at any stage of the 
loading history. Consequently, in calculating the moment of inertia of the 
"transformed" sections the compression steel was omitted. 
The modular ratio "Ii" appears, of course, in the calcUlation of the 
moment of inertia of the "transformed" section. For the purposes of this 
report, it was taken as the modulus of elasticity of the steel ~Es) divided 
by the secant modulus of elasticity of concrete at fifty percent ultimate 
stress (El c ). This value of the secant modulus of elasticity of the concrete 
was computed according to the following empirical formula: 
Etc = 1.8 x 106 + 460 flc 
which was taken from Structural Research Report No. 40 of the University of 
Illinois, reference 16). The computed value for the secant modulus of the 
concrete was used in deflection calculations instead of the measured values 
(see table 7) for two reasons. Firstly, the design engineer rarely has access 
-40-
to test information on the modulus of elasticity of the concrete he 
specifies, conseg~ently he almost invariably utilizes an empirical formula 
for estimating the concrete modulus. Secondly, a comparison of the computed 
values of the concrete moduli and the test values appearing in table 7 
indicates poor agreement in three cases and only fair agreement in the other 
three cases. It is entirely ~obable that the computed values are more 
representative of the actual moduli than the measured values because the 
computed values are based on a very large number of tests whereas the 
measured values are taken from only two cylinders in each batch8 In order 
to have some idea of the role of the concrete secant modulus in deflection 
calculations, some calculations were made to determine the effect on the 
calculated deflections of beams in this project if the concrete secant 
modulus is changed by plus or minus twenty percent of the original calculated 
value. It was found that a change of plus or minus twenty percent in the 
concrete secant modulus produced a change of less than plus or minus ten 
percent of the original value in the calculated deflections. This relatively 
small influence of the concrete secant modulus on deflections has also been 
mentioned in references (3) and (4). 
In calculating the stiffness of' the beam before cracll:ing occurs, the 
modulus of elasticity of the concrete was taken as the initial tangent modulus. 
It was computed according to the empirical formula~ 
. E t .. 30 x 106 f I c 
t 5 ftc + 10,000 
Which was taken from Bulletin No. 345 of the University of Illinois, reference 
(7) ~ These calculated values for the concrete moduli are compared with the 
measured quantities for the test specimens in table 7. As in the case of' 
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the secant moduli, the agreement between test values and computed values 
is poor in three cases and only fair in the other three cases. Again, the 
computed values for the initial tangent modulus were used in the deflection 
calculations instead of the measured values for the same reasons that applied 
in the case of the secant modulus. 
Table 10 is a summary of the deflection calculations made on all beams 
of the test program. It includes actual deflection at "design" load, moment 
of inertia of gross concrete section, and of "cra:::ked" or "tra~'!sformf:.d." 
section, stiffness of gross and transformed section, calculated deflection 
at "design" load, and the ratio of calculated deflection to actual deflection. 
Figures 27~a), (b), (c), and (d) give comparisons of actllal deflectio::ls with 
the calculated values for all beams of the test program. As can be seen 
from the table and the figures, the agr.eement between calculated values 
based on the "transformed" section and actual values at. "design" load is 
satisfactory. This indicates that the use of the moment of inertia of the 
"transformed" section and of the computed secant modulus of the concrete at 
one-half ultimate stress appears to be justifiable in cal~ulating short-time, 
static deflections at design loads for beams reinforced with the alloy steel 
bars used in this project. Stresses in the longih .. o..inal bars at "design" 
load often attained values as high as 40, 000 psi, yet tnis hign stress level 
did not appear to cause s~.gnificantly cigher deflections than was to be 
antiCipated by the use of the "transformed" section method of calculating 
deflections. 
For loads up to about ten to twenty pe:;:'cent of design 10a<1." deflection 
~alculations based on the initial tangent modulus of the concrete and the 
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eross moment of inertia of the beam section may yield a fairly good estimate 
of actual beam deflections (see figures 27(a), (b), (c), and (d». However, 
for design loads the use of the initial tangent modulus -- gross moment of 
inertia -- approach can be considerably in error for three reasons. Firstly, 
calculated deflection at "design" load can be in error because no account 
is taken of the reduction in apparent moment of inertia after cracking takes 
place. Secondly, an exaggerated influence is assigned to the modulus of 
the concrete because no account is taken of the effect of the concrete modulus 
on the modular ratiO, "nil and thereby on the actual effective moment of inertia 
of the section. Thirdly, the test data of this report shows that tae amount 
of longitudinp,l reinforcement strongly affects deflec~ion at "desig::l" load; 
however, if the gross moment of inertia is used no acca~t can be t~ken of 
the longitudinal reinforcement. 
As was ment:l.oned earlier I the moment-deflection curves of figures 24{ a), 
(b), and (d) indicate that the beams with the low amount of web reinforcing 
tend to increase their rate of deflection at considerably lower loads than 
beams with the h~gh amount of web reinforcing. This effect is not very 
pronounced in the case of the uniformly-loaded beams (see figure 24(c», 
probably because only a relatively small po~tion (i.e. in the neighborhood of 
the interior sup~or.t) of the beam is highly stressed in shear. The only 
explanatton eviden'c to the aut.hor to account fo:;.~ the incr.eased deflections 
in beams with low ~~ounts of web reinforcement ~s the fact that these beams 
had more and larger diagonfl1. ... tension cracks during the latter half of their 
loading history than did ~or~esponding beams with high amounts of web reinforc-
ing. Thus it appears the'!; d:!.ag,)no.1.·4ension ere,eking me,y have, in some cases, 
a considerable influence on beam deflections 0 Since there are, to the author I B 
knowledge, no recent research reports which directly bear on this problem, a 
stu~ ot this problem i8 recommended. 
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L4. Diagonal Tension Cracking Load 
Comparison of Test Results with EXisting Empirical Formulae 
The report on "Ultimate Shear Strength of Reinforced Concrete Beams" 
)y Viest, Moody,Hognestad, and Elstner (1) contains the following empirical 
~quation for predicting the initial cracking shearing stress: 
~he results of the test program bear no discernible correlation with this 
~q:uat10n. Indeed the dispersion of test points is so great that it hardly 
~eems possible to find any simple expression which would adequately predict 
ihe lnitial-cracking shearing stress. 
One reason that may account for the poor agreement between test results 
md values predicted by the above equation is the fact that this equation does 
lot contain a parameter relating to the web reinforcement. The test specimens 
)f this program, however, shmTed tha.t the presence and amount of web rein-
:orcement had a very strong effect on the length, width, number 1 and spacing 
)f the diagonal-tension cracks. In particular, many small, closely-spaced, 
Ihort inclined cracks formed in the test specimens of this program*before 
~ailure, while it is known that in beams with no web reinforcement only a few 
.arge inclined cracks form before failure. Also 1 in beams without web 
'einforcement shear failures usually occur almost immediately after the for-
~tion of a few sizeable diagonal-tension cracks, whereas in beams with web 
. See Figures 22( a) and 22(b). 
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reinforcement the failure load can be and usually is very much higher than 
that causing sizeable diagonal-tension cracks to form. A comparison of the 
quantities ''We'' and "Wu" in table 9 bears out this contention. Not only 
does the web reinforcement retard the spreading of diagonal-tension cracks 
once they have formed, but it appears quite likely that the presence and 
amount of web reinforcement may even control the initial formation of 
diagonal-tension cracks. Comparing the q:uanti ties "w c" for such beams as 
IB-l and IB-2, ID-l and ID-2, IIB-l and IIB-2, lIIA-l and lIIA-2, IIIB-l and 
IIIB-2 would lead one to suspect that such might be the case since these 
pairs of specimens are identical to each other in all respects, except that 
those with a series number having a suffix .. 1 have a high amount of web rein-
forcement and those with a suffix -2 have a low amount of web reinforcement. 
The conclusion reached from this analysis of the test results is that 
an equation for predicting the diagonal-tension cracking load for beams with 
web reinforcement which does not include the effect of the web reinforcement 
does not appear to be in order. 
15 • Shear Failures 
Comparison of Test Results with Existing Theories 
The two most recent theories of shear failures in reinforced concrete 
beams are those proposed by Messrs. Viest, Moody, Hognestad, and Elstner, 
refer~nce (1), and by Messrs. Laupa, Siess, and Newmark, reference (2). 
The former theory contains the assumption that the shear-span to depth ratio 
has an effect on ultimate shear strength and is thus limited to beams 
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subjected to concentrated loads. The latter theory does not contain any 
assumptions as to the effect of the shear-span to depth ratio on ultimate 
shear strength and therefore appears to be applicable both to beams subjected 
to concentrated loads and to beams subjected to uniformly-distributed loads. 
Tbe major equations used in this project to calculate the ultimate shear 
moment, Ms from the Viest, Moody, Hognestad, Elstner report are (in their 
original notation): 
(1) For Simple Beams with Vertical Stirrups: 
2 ' pfs , Mec = pf s bd : 1 - k2 . 
\ kl k3 fl C I 
fs = 0.729 r 6.9 x 10.4 E. (-1 + 1/:;-;'-- . r50 " · .. \1 L \ V pEs klk3f C )J 
Al = 1.0 and A2 A3 = 1/3 ) 
or Al = 1.38 and A2 A3 = 0.08 ) 
~) 
fl ) 
- 0.0485 ~ 
1000",.-
I 
(2) For Restrained Beams with Vertical Stirrups: 




3 V!:!.. - 0.45 f s = --,!:"!",,d __ _ 
3 ~ + 0.55 
The major equations used to calculate the ultimate shear moment, Mts 
from the Laupa, Siess, Newmark report are (in their original notation): 
(1) For beams l'rith tension reinforcement only: 
2 4.5 ftc 
Msc = bd ftc k (6.57 - ) 
105 
r-..·· .. ' .. ~ ...... -- _ .. "' 
k = 1I(pn)2 + 2 pn - pn 
MI = M (1 + 2 r fyw, 
s se 103 
(2) For beams with tension and compression reinforcement: 
( 4.5 ftC) 0.57 - 5 10 
5 + 10,000 n = fl 
C 
r _ (1 + 2 r f~) 
M s - MsC\ 3 
10 
In all shear calculations the concrete cross-sectional area was taken as 
the stem width times the distance from the outermost compression fiber to the 
centroid of the tension steel. 
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Table 11 gives a comparison of the test data with the ultimate shear 
strengths predicted by the above two theQries. In all cases where a shear 
failure (i.e. diagonal-tension or shear-compression failure) occurred, the 
ratios of the failure moment to the computed shear moments are given. For 
beams with the low shear-span to depth ratio, table 11 indicates that there 
is fairly good agreement between the test data and the results of calcula-
tions based on the Viest-Moody-Hognestad-Elstner theory*), but relatively 
poor agreement between the test data and the results of calculations based on 
the Laupa-Siess-Newmark theory**). For beams with the high shear span to 
depth ratio, table 11 indicates that the L-S-N theory agrees fairly well with 
the test data while the V-M-H-E theory does not agree quite so '\-rell. The 
uniformly-loaded beams can only be compared with the L-S-N theory, as was 
mentioned above, and the agreement between test data and theory is quite 
good in all but one case. The retest-specimen (simple beam) data is also 
compared with the two shear-strength theories in table 11 and in this case 
the agreement between test data and theory is best for the L-S-N approach. 
Figure 28 is a comparison of failure moment with shear moment calculated 
by the L-S-N theory and figure 29 is a similar comparison of failure moment 
~d shear moment calculated by the V-M-H-E theory for all beams failing in 
iiagonal-tension or shear compression. Figures 28 and 29 are self-
~xplanatory and serve to show the general trends of the test data as compared 
{ith the two shear-strength theories. In general, the agreement between 
to) Hereafter abbreviated as the V -M-H-E theory 
Hfo) Hereafter abbreviated as the L-S-N theory 
om 
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test data and theory indicated by figures 28 and 29 seems to be about the same 
as that to be expected in the case of test data, taken from conventionally-
reinforced, rectangular beams. Therefore, it appears reasonable to conclude 
that no significant increase in ultimate shear strength was gained by the 
Tee-section over a similarly reinforced equal-depth rectangular section 
having a breadth eq~l to the stem width of the Tee-section. Also, the high 
stress levels in the longitudinal tensile steel of the beams in the project 
did not appear to influence their ultimate shear strengths in any dis-
cernible way. 
16. Flexural Failures 
Comparison of Test Results with Existing Theories 
The test specimens were designed with the aid of the ultimate flexural 
strength eq:uations appearing in the "Report of A.S.C.E. - A.C.I. Joint 
Committee on Ultimate Strength Design", reference (8)*). In all restrained 
beams the negative and positive moments were made very closely equal and all 
such beams had equal tension and compression reinforcement. The simple 
beams (retest specimens) had tension reinforcement only. 
Most of the beams of the project were designed to fail in shearj 
conseq:uently there were only a few true flexural failures among the beams 
of the project. These few flexural failures hO't-lever, did not behave in an 
entirely similar manner to those occurring in conventionally-reinforced beams. 
In the beams of the test program, no "yield-load" was evident from the load 
indicator on the testing machine. That is, in no beam was a load attained 
Hereafter referred to as simply the "Joint Committee Report" 
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which caused increasing deflection without increase in load. In the beams of 
the test program the load continued to increase right up to that causing crushing 
of the compression concrete. This behaviour is probably due to the very short 
"yield-plateau" in the alloy steel supplied for use as lOngitudinal bars. This 
short "yield-plateau" had the effect of allowing the tensile steel to progress 
into the strain-hardening range almost immediately after attaining the yield 
stress, thus causing no discernible halt in the load indicator as the yield 
point of the steel was passed. Also, since the tensile steel cotud attain 
stresses significantly higher than the yield stress without appreciable plastic 
elongation, the actual ultimate strength in flexure of the beams was increased 
over that predicted by formulae based on the premise that failure occurs when 
the stress in the steel reaches the yield stress (as are the formulae of the 
" Joint Committee Report). 
Since the restrained beams were provided with equal tension and compression 
reinforcement it was expected that the critical section in flexure would be the 
section over the interior support where the beam acted as a rectangular section 
in resisting bending. However, in all cases of beams failing in flexure, final 
destruction of the beam occurred in the maxinRun positive moment section where 
the beam acted as a Tee-section in resisting bending. This phenomenon was proba-
bly due to two causes. Firstly, from strain measurements, it was apparent 
that the compression steel was nowhere effective to any significant degree; 
consequently both the rectangular and Tee-sections behaved as if they were 
singly reinforced. Secondly, the compression concrete over the interior support 
bad the benefit of extra restraint from the reaction force; thus, in effect, 
the Tee-section became the weakest section in resisting bending. 
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The failure moments of the beams failing in flexure were compared with 
ultimate flexural moments calculated by means of the follo~dng three equations: 
Mf = A' s (fy - 0.85 f~ ) (d - d l ) (1) 
M} = As fy (d - t/2) (2) 
M'f = A f c = pbd2f (1. pfy ) s y y 1.1 f'c 
The first equation is for a rectangular beam in simple bending 't-dth compressive 
reinforcement and is Eq. 25 of the "Joint Committee Report." The second equation 
is a simple estimating formula for ultimate flexural strength of singly-rein-
forced Tee-beams. The third eg~ation is for a singly reinforced rectangular 
section and is Eg,. 57e of the "Joint Committee Report." 
Table 12 gives a comparison of the test data with ultimate flexural strength 
calculations made with the above three equations. For all beams which failed 
in flexure, the ratios of theoretical ultimate flexural moments to failure 
moments are given. Since the retest specimens are singly reinforced, the first 
of the above eq:uations is inapplicable. The table indicates that the best 
agreement between test and theory is to be had by using Eq. 3, and the ,,,orst 
with Eq. 1. Figure 30 is a comparison of failure moment ,'lith the flexural 
moment calculated by Eg,s. 1, 2, and 3, above. From the figure it can be seen 
that in all cases the actual failure moment is quite a bit higller than the 
predicted ultimate flexural moments. 
Two conclusions can be drawn from these test results. Firstly, compression 
steel placed relatively close to the neutral axis of the section may not act 
to resist bending, consequently forcing the section to behave as a singly· 
reinforced beam. In ultimate strength theories which dispense with any strain 
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relations, this dependence of the effectivepess of compression reinforcement 
on its location in the section cannot be correctly reflected. In particular, 
Eq. 1 underestimates the internal lever arm in those cases where the g~antity 
(d - d') is smaller than (d - t/2) or "c" as in the case of the specimens under 
consideration. Secondly, tension reinforcement ~1hich has a short yield-plateau 
can attain stresses in the strain-hardening range without appreciable plastic 
elongation and consequent crushing of the compression concrete. Thus the 
failure load of beams reinforced with such steel may be considerably under-
estimated by formulae based on the premise that failure occurs with yielding of 
the tension reinforcement. 
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17. Flexural Crack' Formation 
Investigations of the problem of flexural crack formation have shown 
(see references (9) and (10) ) that the width of flexural cracks is a 
function of the tensile strength of the ~oncrete, the bond characteristics 
of the bars, the ratio of the area of tension concrete to the total perimeter 
of the tension reinforcement, and of the stress in the tension reinforcement. 
The empirical equations developed by investigators in this field have usually 
been formulated from test data taken from beams which fail in flexure; that is, 
from beams which form well-developed, closely-spa~ed crack patterns. The 
majority of the beams of this test program failed in shear before having a 
chance to form a well-developed flexural crack pattern. Consequently, it 
was found impossible to obtain any reasonable correlation between the test 
data and the empirical relations developed in references (9) and (10). 
Actually, the only beams of th:i.s project which were comparable to those used 
in the investigations cited in the above two references were the few which 
failed in pure flexure. 
Table 13 gives the crack widths at "design" loads (taken as dead load 
plus approximately one-half ultimate applied load). The table includes the 
t'design" moment, the calculated stress in the tension steel at "design" moment, 
and width and number of positive, negative and diagonal-tension cracks at 
"design" loael. The table shows that in all but one case the average width 
of the positive flexural cracks is well below tolerable limits (i.e. less 
than 0.01 inches) at "design" load. Also, in the majority of cases, the 
average width of the two largest positive flexural cracks is below the toler-
a.ble limit of 0.01 inches at "design" load. 
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Figures 26(a), (b), and (c) are typical curves for steel stress and 
moment versus crack widths. The top diagram in each figure gives curves 
for the average width of all positive flexural cracks and the average width 
of the two largest flexural cracks. From these curves it can be seen that 
crack widths are clearly dependent on steel stressj however, the relationship 
between these quantities certainly does not appear to be a simple linear 
one (as is theorized in references (9) and (10». The curves also indicate 
that the average width of all positive flexural cracks and the average width 
of the two largest flex~~al cracks can remain within tolerable limits even 
though the stress in the longitudinal bars rises as high as 45,000 psi. 
It is believed that negative flexural cracking is strongly influenced 
by the location of the tension reinforcing bars. The reinforcing bars in 
the negative tension zone of the test specimens were all bunched together 
above the stem of the Tee (see figures 5, 6, and 7). In order to achieve 
the most desirable fle~al~crack pattern (i.e. many small closely spaced 
cracks) these bars should have been evenly spaced across the flange of the 
TeG according to the findings of Wastlund and Jonson, reference (9). There-
fore, the excessively large negative flexural cracks which are indicated in 
Zable 13 and figures 26(a)1 (b), and (c) should not be considered a serious 
limitation to the use of highp·strength steels as concrete reinforcement. 
The described situation, however, shows that the use of high-strength steels 
may call for special attention to detailing, in regard to locating the rein-
forcing bars in a manner calculated to produce good crack control. 
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E. APPENDIX 
18. Comparison of Ultimate Loads of Beams Failing in Shear with Desi~ 
'Safe' Loads Using Provisions of A.C.I. Code No. 315-56, Chapter 8. 
All beams of the project were reviewed according to the provisions of 
Chapter 8 of the current A.C.I. building code. The results of these cal-
culations appear in table 14 along with other data, such as concrete strength, 
type failure, and maximum shear at failure. The ratio* of the maximum shear 
at failure, Vu, to the maximum allowable shear, Val' is given for all beams 
which failed in shear. The "Safety Factors" range in value from 2.79 to 
1.81. The higher values occur in beams having high-strength concrete. 
This is so because of the cutoff provision which limits the maximum shearing 
stress to 280 psi. The very highest values of the ratio of maximum shear 
at failure to aaximum allowable shear occur in the case of the uniformly-
loaded beams. These high values of the "Safety Factor" are due to the 
relatively high failure loads of the uniformly-loaded beams as compared to 
the other beams of the test program. The higher shear strengths of the 
uniformly-loaded beams was to be anticipated because of their very short 
high-shear regior~ in comparison with the long constant-shear regions to 
be found ~ alJ. ~be ot~er test specimens (i.e. the specimens subjected to a 
few lar.ge c.oncen~rI3J:2j, ~,c~ /5:; ) • In view of these :cesu! ts it E.ppears likely 
tha.t un:i.foi:'Il'J.y·~J.(;F:l.i~d bea:-:1s san, in general, be expected to have higher shear 
strengths t.~an 'beams subjected to a few large concentrated loads. Since 
there is no allowance for extra shear strength for uniformly-loaded beams 
*This ratio is hereafter called "Safety Factor" and is so designated in 
- table 14. 
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in the present A.C.l. building code, the beams of this test program exhibit-
ing such extra strength would of course have a high "Safety Factor". 
Considering the "Safety Factors" listed in table 14 and some of the 
remarks made in the above discussion, several conclusions can be reached: 
(a) A beam designed under the provisions of the present A.C.l. building 
code is amply safe for use with high-strength steel and with concretes of 
any practical strength. 
(b) Since beams reinforced with high-strength steel bars can be made 
shallower and narrower than equivalent conventionally-reinforced beams, the 
shear provisions of the present A.C.l. building code may be so stringent as 
to prevent the realization of the full economies possible with the use of 
high-strength steel. Some further study of this problem may be called for. 
(c) Evidence from this test program indicates tbat uniformly-loaded 
beams can, in general, be expected to have bigher shear strengths than beams 
subjected to a few large concentrated loads. 
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F. SUMMARY AND CONCLUSIONS 
Twenty-four restrained Tee-beams reinforced with high-strength steel 
were tested to destruction. Undamaged portions of eight of these beams 
were retested as simple beams. Test data included flexural crack width and 
diagonal-tension crack wid'bb measurement I deflections, steel and concrete 
strains, determination of load causing the appearance of the first diagonal-
tension crack, and the failure load. Two strengths of concrete and two 
ratios of web reinforcement were used. 
Test results were compared with existing theories on flexural cracking, 
diagonal-tension cracking, deflections, ultimate shear strength and ultimate 
flexural strength of reinforced concrete beams. The findings can be 
summarized as follows: 
(1) No correlation between flexural-crack test data nor diagonal-
tension crack test data with existing theories was found. 
(2) Ver,y good agreement between deflection data from test beams and 
values predicted by deflection formulae based on the moment of inertia of 
the cracked ("transformed") section 'vas found. 
(3) It was found that fair to good agreement existed between failure 
loads of test specimens failing in shear and the ultimate shear strengths 
predicted by the tvlO theories proposed by researchers at the University 
of Illinois (references (1) and (2»0 
(l;.) Equations for the prediction of ultimate flexural moments of 
reinforced concrete beams taken from the Joint A.SoC.E. - A.C.I. Committee 
Report, reference 8, predicted ultimate moments which were consistently 
and significantly lower than the failure mcments of those test specimens 
which failed in flexure. 
(5) Strains measurements taken on the compression reinforcement 
indicated that this reinforcement was not acting to resist bending stresees 
to any appreciable degree in any of the beams tested. 
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(6) Width of positive flexural cracks at "design load" was within 
tolerable limits, the width of the largest cracks rarely exceeding 0.01 in. 
and reaching 0.22 in. in only two of the beams. 
(7) Widths of negative flexural cracks generally exceeded those of 
positive flexural cracks. At "design load" ,width of the largest negative 
cracks generally exceeded 0.01 in. and reached values as high as 0.035 in. 
It is believed that the "bunched" placement of negative steel was conducive 
to the occurrence of large cracks and that this width can be controlled by 
special attention to steel location. 
(8) Maximum width of diagonal-tens:!.on cracks at "design load" was of 
the same order of that of negative flexural cracks, exceeding 0.01 in. in 
most cases and attaining values between 0.003 and 0.004 in. in four of the 
beams. While maximum width of diagonal-tension cracks was generally smaller 
in beams with the larger web reinforcement, this tendency was not consistent. 
(The radical difference in steel strength of the two web reinforcements used 
makes systematic comparison impossible.) 
The following conclusions were reached: 
(A) The high steel stresses at design load do not impair the pre-
dictability of deflections, at least under short-time 19ading, using the 
cracked transformed section. 
(B) Calculating deflections by means of the gross section of the 
concrete alone appears to be a doubtful procedure. This method takes no 
account of the reduction in effective moment of inertia caused by cracking. 
Also, it seems to exaggerate the influence of the elastic modulus of concrete, 
because it neglects the influence of steel with its invariable modulus. 
Lastly, the data indicate that the amount of longitudinal steel strongly 
influences deflections, which is not reflected in this method. 
(c) It appears that diagonal-tension crac~ing may strongly influence 
deflections. Further study of this may be advisable. 
(D) When using high-strength steel, attention to proper placement of 
main reinforcement in regard to crack control appears essential. 
I(E) The relatively large width of diagonal-tension cracks at "design 
load" seems to call for a study on haw to control these cracks by proper 
distribution ot main and web reinforcement. 
(F) A comparison of failure loads of those specimens which failed in 
shear with the allowable loads as calculated from the shear provisions of the 
1956 A.C.I. Code show safety factors which range generally from 3.3 to about 
6, with one specimen as low as 2.8, and two exceeding 7. It is seen that 
the present prOVisions provide more than ample safety when high-strength steel 
is used for main reinforcement. In general, though not without exception, 
the safety factors were considerably higher for the beams with high-strength 
concrete, indicating possibly that the present cut-off at tic = 3000 psi is 
over- conservative. 
(G) Two factors seemed to contribute to the fact that flexural failure 
moments of these doubly reinforced beams consistently exceeded the values 
predicted by accepted ultimate strength theory: (a) The longitudinal steel 
had a very small "yield-plateau", i.e. it entered the work-hardening range 
almost immediately upon yielding, so that predictions based on yield point 
are invalidated. (b) In cases where the compression reinforcement is located 
relatively close to the neutral axiS, present simplified theory which assumes 
yielding of this reinforcement (mistakenly in this case) underestimates the 
internal. lever arm. Further studies of flexural strength of T-beams (wi tb 
and without double reinforoement) and of rectangular beams with double 
reinforoement seem indicated. 
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TABlE I / 
PROPERTIES OF BEAM SPECIMEl'IS 
MAIN SPECnaS 
For all beams: b' ~ 1.0 ins., b = 23.0 ins", t =4-:Olm: ... ) h = 15.25 ins. 
Age 
lonG· Web at 
aId A =A' ~ Beam lenGth d d-d' f' f f Reinf Rein! r Teat c r y s s 
(rt. ) (ins.) (ins.) (psi) (psi) (ksi) tfu2); (~) t (dIlYS) 
lA-1 11.0 11.81 9.07 3.05 3230 315 87.7 
2-1/=7 /16 2-'j/ 2.c8 ffll@3-1/2" 1.63 29 
-2 11.0 12.05 9.24 2.99 2620 330 87.7 do 2.08 fl2®5- 3/4" 0.25 29 
-
IB-1 11.0 11.81 9.50 3:~OS 2440 310 84.6 2 "~ -~i' ( 1.20 :/i4@3-1/2" 1.63 30 
-2 11.0 12.12 9.49 2.97 2440 310 84.6 do 1.20 f/~5-3/4" 0.25 31 
IC-1 11.0 11.18 9.10 3.06 4930 470 83.9 2-'J~~7 3.73 =f/:4@3-1/2" 1.63 21 2-~;~10 
-2 11.0 12.19 9.18 2.95 4930 470 83.9 do 3.13 1i~-'d$5-3/4" 0.25 31 
ID-1 17.0 11.81 9.09 3.05 4930 470 87.1 2-#6 2.08 :{f4@3-1/2" 1.63 32 )1 2-'tf7 
-2 11.0 12.05 9.24 2.99 4930 470 87.7 do 2.08 If2@5-3/4" 0.25 28 
2 Jr.1 IIA-1 19.0 11.81 9.07 6.10 3230 315 81.7 ~( 2.08 1f4®3-1/2" 1.63 28 2 )(6 ~r 
-2 19.0 12.05 9.24 5.98 2620 330 87.1 do 2.08 j?2f§J5-3/4" 0.25 30 
IIB-1 19.0 11.81 9.50 6.10 2440 310 84.6 2-:/:'rf 1.20 1'/4@3-1/21t 1.63 29 
-2 19.0 12.12 9.49 5.94 2440 310 84.6 do 1.20 #f!&5-3/4" 0.25 28 
TABLE I (conttd) 
PROPERTIES OF BEAM SPECI1'1ENS 
MAIN SPECIMENS 
For all beams: b' = 7.0 ins., b = 23.0 ins., t = 4.0 ins., h = 15.25 ins. 
Age 
Long. Web at 
Beam Length d d-d' aid fl fr fy Reinf A = AI Reinf r Test c s s 
(ft.) (ins.) (ins.) (psi) (psi) (ksi) (in2) (%) (days) 
I1C-1 19 .. 0 1l.78 9.10 6 .. 11 5520 486 83.9 2-#7 3(173 #4@3-1/2!1 1.63 31 2-#10 
-2 19.0 12.19 9.18 5.91 5520 486 8309 do 3.73 #2®5-3/4" 0.25 29 
IID-1 19.0 11.81 9.09 6.10 5520 486 87.7 2-#6 2.08 #4@3-1/2" 1.63 30 2-l17 
-2 19.0 12.05 9.24 5.98 5520 486 87.7 do 2.08 #2@5-3/41l 0.25 28 
lIIA-1 20.0 li.81 9.07 3130 356 87.7 2...f/7 20 08 #4@3-1/2 11 1.63 31 2-#6 
-2 20.0 12.05 9.24 3130 356 87.7 do 2.08 #2@5-3/4" 0.25 30 
III B-1 20.0 U.81 9.50 3130 356 84.6 2-#7 1.20 #4@3-1/2" 1.63 30 
-2 20.0 12.12 9.49 
-
3130 356 84.6 do 1.20 #2@5-3/4" 0.25 33 
IIIe-1 20.0 11.78 9.10 5300 526 83.9 2·47 3.73 #4@3-1/2" 1.63 41 2-jf10 
-2 20.0 12.19 9.18 5300 526 63.9 do 3.73 #2@5-3/4n 0.25 40 
IIID-1 20.0 11.81 9.09 5300 526 87.7 2-/16 2.08 #4@3-1/2 11 1.63 30 2-#7 
-2 20.0 12.05 9.24 5300 526 87.7 do 2.08 #2@5-3/4" 0.25 38 
" 
TABIE I (cont'd) 
PROPERTmS OF BEAM SPECIMENS 
RETEST SPECIMENS*' 
For all beams: b l = 7.0 ins., b = 23.0 ins., t = 4.0 ins., h - 15.25 ins. 
Age 
Long. Web at 
Beam length d d-d t aid f' f f Reinl A =A' Reinf r Test 
c r y s s 
(ft. ) (ins.) (ins. ) (psi) (psi) (lesi) Cin2) (%) (days) 
IA_1R 8.0 li.8l 3.05 3230 315 87.7 2-7;'=;" 2.08 =/}4@3-1/2" 1.63 40 2-//:6 
.. rJ 8.0 12.05 2.99 2620 330 87.7 do 2.08 'i?Z§5- 3/4" 0.25 29 
lB_1R 8 •. 0 li.8l 3.05 2440 310 84.6 2-#-1 1.20 7'/:4@3-1/2" 1.63 33 
..zR 8.0 12.12 2.97 2440 310 84.6 do 1.20 #295-3/4" 0.25 33 
IC-1R 8.0 11.78 3.06 4930 470 83.9 2-
A7 3.73 1/4@3-1/2" 1.63 28 II 2-:;110 
_2R 8.0 12.19 2.95 4930 470 83.9 do 3.73 =//='d§J5-3/4" 0.25 32 
D>_lR 8.0 11.81 3.05 4930 470 87.7 2-#6 2.08 ffoG3-1/2" 1.63 34 2 J~'7 
-,t, 
-~ 8.0 12.05 2.99 4930 470 87.7 do 2.08 'i:~2§5 -3/4" 0.25 28 

















GRADING OF AGGREGATES 
(Aggre~ates stoclq>i1ed in one lot) 
CUMULATIVE PERC~TT RETAINED 
"ITHACAIt AGGREGA!I'ES"/ "BOONVILLE" AGGREGATES 
SAND GRAVEL SAND GRAVEL 
0,0 0.0 0,0 0,0 
0,0 0,0 0.0 0.0 
0.0 13.20 0,0 19_40 
0.0 40.51 0.0 39.40 
0.0 70.42 0.0 86.70 
2.08 91.67 2..60 92.70 
19.37 98.76 14.30 99.90 
36.88 100.0 32.20 100.0 
56.28 100.0 52.50 100.0 
76.29 100.0 81.50 100.0 
94.68 100.0 95.40 100.0 
2.86 
·TABIE 3 
MINERALOGIC COMPOSITION OF 
11 ITHACAII AGGREGA'l'ES 
MINERALOGIC MATERIAL PERCENT BY WEIGHT 
GRAVEL: 
Limestone. • • • • • • • • • • • • • • • • • • • • • • • • 
Sandstone. • • • • • • • • • • • • • • • • • • • • • • • • 
Shale • • • • • • • • • • • • • • • • • • • • • • • • • • 
Granite •• • • • • • • • • • • • • • • • • • • • • • • • • 
Quartzite. • • • • • • • • • • • • • • • • • • • • • • • • 
Misc. • • • • • • • • • • • • • • • • • • • • • • • • • • 
SAND 
Quartz & Feldspars • • • • • • • • • • • • • • • • • • • • 
Calcite & Dolomite • • • • • • • • • • • • • • • • • • • • 
Shale •• • • • • • • • • • • • • • • • • • • • • • • • • • 
Clay and Silt. • • • • • • • • • • • • • • • • • • • • • • 
Hea.vy Minerals (Magnetite, PyJ. ... oxenes, 
Amphibo1ee , Zircon, Tourmaline). 
Specific Gravity of Gravel = 2.64 
Speciv1c Gravity of Sand = 
















Granite. • • • • • • • • • • • • • • • • • • • • • • 
Limestone (Fine Grained) • • • • • • • • • • • 
Limestone (Coarse-Grained, Fossiliferous, and 
Partly Recrystallized). 
• • • 
• • • 
PERCEW£ BY HEIGHT 
• • • • • • 61.0 
• • • • • • 27.0 
• • • • • • 10.0 
Sandstone 
• • • • • • • • • • • • • • • • • • • • • • • • • • • 2.0 
Shale ••• • • • • • • • • • • • • • • • • • • • • • • • • • • • 0.0 
100.0 
SAND: 
Quartz and Feldspars • • • • • • • • • • • • • • • • • • • • • • 86.0 
Calcite and Dolomite • • • • • • • • • • • • • • • • • • • • • • 8.0 
Clay and Silt • • • • • • • • • • • • • • • • • • • • • • • • • 0.4 
Heavy Minerals (Magnetite, Garnet, Zircon, Tourmaline, 
Amphiboles) • • • • • • • • • 
Specific Gravity of Gravel = 2.68 
Specific Gravity of Sand = 
• • • • • 
100.0 
TABlE 5 
COMPOSITION OF ALLOY STEEL 
(Used for long. reinforcement in all beam specimens) 
ALLOYING ELEMENT PEHCENT BY WEIGH'r 
-------------------------------------------------------------.-----.---------------
Carbon •• • • • • • • • • • • • • • • • • • • • • • 
Manganese. • • • • • • • • • • • • • • • • • • • • • 
Phosphorous • • • • • • • • • • • • • • • • • • • • 
Sulfur •• • • • • • • • • • • • • • • • • • • • • • 
Silicon 
• • • • • • • • • • • • • • • • • • • • • • 







SA,E - DESIGNATION: SILICON-MANGANESE-ALLOY STEEL NO. 9255 
Normalizing Temperature is 16500F 
TABlE 6 
I 
AVERAGE DIMENSIONS OF LONGITUDINAL REINFORCING BARS 
Dimensions, measured as specified in ASTI4 specification No. A305-50T, 
are average for eight bars tal~en at random from each size group. The 
entire longitudinal reinforcing ~ias purchased l1.n one lot made from the 
same heat of steel. Transverse deformations in all bars tiere in a 

































*Specified minimum is O.OL~ ins.; all other measurements of deformations 
. met or exceeded ASTM requirements 
TABIE 7 ./ 
TEST RESULTS: PROPERTIES OF CONCRETE AT 28 DAYS 
Av~. Test Val~ Calculated Values 
U8ed in Initial Secant 
Pour Beam Tangent Wodulup a.t 
Number Nmr.ber f' f Modulus, Et 
f" E' E' Et/Et El IE f _ C E c r c - 2' c t c c c 
(psi) (psi) 6 (106 psi) 6 6 (10 psi) (10 psi) (10 psi) 
1 IA-2 2620 330 3.19 2.1'( 3.40 3.01 1.06 1.08 
IIA-2 




















7 lA-I 3230 315 2.63 2.37 3.71 3.29 1.41 1.39 !!A-I 
'tA13LE 8 
j 
AVERAGE MECHfiliICAL PROPERTIES OF REINFORCING STEEL 
Mechanical properties are averaGes for coupons talcen from one third of the 
total number of bars in each size Group. Maximum standard deviation of 







1:'=2 112,000 !f4 45,430 II 
LONGITUDINAL REINFORCING: 





























BEAll! TEST RESULTS 
D1~gonul Tension F::d1ure Deformations at Load approaching Failure Load Cracking ---
~ Machine Maximum r;JaClune Maximum Max •. Pos .. Nax.Neg. Type Deflection Maximum measured strains 
Load,W Shear,V Lofl.d,vT Shear, V MOr.le~t; j-l-M Moment, -~1 Fai1ure* at point TiC i C i (kips)C (kips)C (kips)U (kips) U (in_kipS)U (in-kips)U ~ of max.pos. ens on ompress on empress on Steel Steel Concrete 
mom. -6 -6 -6 (ins.) (10 in/1n)(10 in/in) (10 in/in) 
IA-1 20 14.6 124.5 76.0 1339 1350 D.T. 0.387 1690 90 2045 
-2 20 14.6 60 38.0 662 673 D.T. 08190 897 104 146 
,]]3..1 40 26.6 114 69.8 1229 1240 D.T.& 0.477 2854 396 1681 
F.T. 
-2 34.2 21.5 46.2 30.3 518 528 D.T. 0.236 1189 34 
IC-1 40 26.6 160K 96.7 1710 1724 D.T. 0.328 1250 125 822 
-2 50 29.8 94 58.2 1019 1030 D.T. 0.142 615 115 60 
lD-1 40 26.6 169.8 102.4 1807 1818 D.T. 0.373 2680 10 ·;~OO 
-2 27 17.3 94.4 58.5 1023 1034 D.T. 0.199 1205 leo 261 
IIA-1 15 10.6 138 58.0 2046 2039 D.T. 0.532 2280 310 2357 
.. 2 20 14.8 70 30.8 1067 1060 D.T. 0.430 1479 121 960 
lIB-1 40 26.8 103.5 44.2 1549 1542 F.T. 0.879 2805 521 902 
-2 20 14.8 56.5 25.4 873 866 D.T. 0.447 1989 151 2621 
TABLE 9 (Cont'd) 
BEAM TEST RESULTS 
MAIN SPECIMENS , 
Diagonal Tension Failure DeformatTons at-Loau a:p:proachlli[f-Fal-1Ure· -toad 
Cracking Maximum measured strains Machine Maximum Machine Maximum Max.Pos. Max. Neg. Type Deflection Beam 
Load,H Shear,V Load, VI Shear, V Moment,+M Moment,-M Fai1ure* at point Tension Compression Compression, 
(kips)c (kips) c (kips)u (kips) u (in-kips) U (in-kips) U ~ of max. Steel Steel Concrete 
pOSe mom. 6 6 6 (ins.) (10- in/in)(10- in/in) (10- in/in) 
IIC-1 60K 36.8 221 91.2 3241 3234 D.T. 0.624 2127 18 4362 
-2 60K 36.8 95 40.8 1427 1420 D.T. 0.242 1400 1120 
IID-l 40K 26.8 167 71.0 2467 2460 D.T.& 0.663 2660 660 4880 
40K 
F.T. 
-2 26.8 94.5' 40.5 1420 1413 D.T. 0.510 1894 239 1839 
lIIA-1 54K 33.5 194.11- 85.7 2171 1708 F.T. 1.538 3822 169 1538 
-2 36 23.0 116.1 52.0 1310 1033 s.c. 0.695 1838 73 1054 
IIIB-1 90 54.5 144 64.0 1617 1274 F.T. 0.962 2726 1539 
-2 36 23.0 138.6 61.7 1557 1227 8.C.& 1.663 2651 72 425 
F.T. 
IIIC-1 72 44.0 309.6 135.3 3439 2700 D.T.& 0.692 2282 55 640 
-2 72 44.0 138.6 61.7 1558 
F.T. 
1227 D.T. 0.446 1033 448 
IIID-1 72 44.0 243.0 106.6 2706 2125 F.T. 0.890 2800 105 965 
-2 72 44.0 167.4 74.1 1875 1475 D.T. 0.976 2700 118 244 
TllBLE 9 (Cont' d) 





Failure Deflection at load approaching Failure Load 
Beam Machine Maximum Machine Maximum 
Load" f1 Shear{ V Load, Vi Shear~ V 
(kips) c (kips) c (kips) U (kips) U 
IA_IR 115 60.1 
-2R 1,0 37.6 
lB_lR -SO 42.6 
-zR 57.9 31.5 
IC_1R 180 92.6 
-~ 96 50.6 
ID-IR 121.5 63.4 
_2R 92.5 48.9 
Max. Pos. 1m.Neg. Type Deflection Maximum measured strains 
Moment,+M Moment,-Mu Failure* at point Tension Compression Compressioll (in-kips) u(in-ldps) - of max.pos. Steel Steel Concrete 
mom. 6 -6 -6 / ) (ins.) (10- in/in)(lO in/in) (10 in in 
2102 F.T. 0.679 
1293 D.T. 0.360 
1472 F.T. 0.985 
1075 D.T. 0.442 
3272 S.C.& 0.507 
F.T. 
1760 S.c. 0.312 
2219 F.T. 0.409 
1697 D.T. 0.464-
~D.T. Diagonal tension failure; S.C. - Shear-compression failure; F.T. - Flexural-tension failure 
TiIDLE 9-A 
C~~CTERISTICS OF VhRIOUS-MODES OF BEAM FAILURE 
Type of Failure Stress in Ultimate Moment Rate of Failure Observable Cause 
Longitudinal Reinforcement of Failure 
Diagonal tension ~fy -<.. M* Very Sudden Prolongation of one or f 
more diagonal tension 
cracks from bottom to 
top of beam 
Shear compression ~fy ~M.p 
... 
Sudden Crushing of compression 
concrete at the head 
of a diagonal-tension 
crack 
• Flexural tension ~fy = Mf Gradual Yielding of longitudinal reinforce-
ment in a region of 
maximum moment 
~Mf is calculated flexural-failure moment. 
TABLE 10 
BE/I.M DEFLECTIONS AT "DESIGN" LOAD 
MAIN SPECIMENS 
Test Results Calculated Values 
Beam Type Max.Pos. Deflection Moment of (X10.) Effective (xl03) Deflection I 
Failure Moment at at "Desic;n" Inertia of E' I Moment of E' I at "Design" bib 
"Desic;n" Load, ~ Gross Concrete t G Inertia of c e Load, &' 
Load Section, I Cracked 
(in-kips) (ins) (in4) g (ki i 2) Section4 (kip-in2) (ins) p- n (I (in) 
e 
IA-1 D.T. 653 0.150 3420 12,688 1216 4200 0.133 0.881 
-2 D.T. 315 0.085 3420 11,628 1420 4270 0.063 0.741 
IB-1 D.T.& 598 0.225 3420 11,286 ·926 2100 0.189 0.840 
F.T. 
-2 D.T. 244 0.065 3420 11,286 981 2860 0.073 1.123 
IC-l D.T. 840 0.105 3420 14,603 1722 7010 0.103 0.981 
-2 D.T. 493 0.050 3420 14,603 1866 7600 0.056 1.120 
m-1 D.T. 888 0.153 3420 14,603 1148 4670 0.163 1.065 
-2 D.T. 496 0.076 3420 14,603 1204 4900 (..(£7 1.145 
IIA--1 D.T. 994 0.350 3420 12,688 1276 4200 0.307 0.877 
.. 2 D.T. 5C4 0.175 3420 11,628 1420 4210 0.153 0.874 
IIB-1 F.T. 745 0.l,.'l0 3420 11,286 926 2700 0.357 0.871 
-2 D.T. 407 0.185 3420 11,286 981 2860 0.1.85 1.000 
TABLE 10 (Cont I d) 
BEllM DEFLECTIONS J'{f ''DESIGN'' LOAD 
MAIN SPECIMENS 
Test Results Calculated Values 
Beam Type Max.Pos. Deflection Moment of (XI03) Effective (xl03) Deflection 
Failure Ivloment at at "DesiGn" Inertia of' E' I Moment of E' I at "Design" 0' 
"Desicn" Load, fj Gross Concrete t g Inertia of c e Load, 0' /0 Load Section, I 2 Cracked (ldP-in2) (in-kips) (ins) (in4) g (ldp-in ) Section (ins) (I 1n4) 
e 
lIe .. 1 D.T. 1591 0.290 3420 15,048 1686 7320 0.283 0.976 
.. 2 D.T • 684 0.095 3420 15,048 1826 7920 0.112 1.179 
·1 D.T.& 1204 0 .. 320 3420 15,048 1106 4800 0.325 1.016 
F.T. 
-2 D.T. 680 0.160 3420 15,048 ll7, 5110 0.173 1.081 
IlIA-l F.T. 1040 0.580 3420 12,511 1273 4120 0.596 1.028 
... 2 B.C • 609 0.290 3420 12,517 1346 4360 0.329 1.l34 
IIIB-l F·T. 163 0.740 3420 12,517 856 2770 0.650 0.873 




1683 0.442 3420 14,911 1700 7210 0.552 1.*4, 
-2 D.T. 742 0.115 3420 14,911 184-1 7810 0.224 1.280 
IIln-1 F.T. 1316 0.653 3420 14,911 1134 4810 0.646 0·989 
-2 D.T. 901 0·400 3420 14,911 1291 5470 0. 389 0.973 
T~LE 10 (Cont'd) 
BEi\M DEFIECTIONS M "DESIGN" LOAD 
ImTEST SPECIMENS 
Test Results Calculated Values 
Beam Type Max.Pos. Deflection Moment of (xl03) ,;£:f'fective (xl03) Deflection / 
Failure Moment at at "Design" Inertia of Et I MCJt.1ent of E' I at "Designtl b 
"Desicn" Load, S Gross Concrete t G Inertia of c e Load, b' ~ 
Load Section, I Cracked 
(in-l;:1ps) (ins) (in4) G (1~iP-in2) Section (kip_in2) (ins) I in4) 
e 
IA_1R F.T. 1035 0.240 3420 12,688 1493 4912 0.197 0.821 
R D.T. 630 0.152 3420 11,628 1668 5021 0.117 -2~' 0.770 
IS_IR F.T. 720 0.255 3420 11,286 1059 3092 0.218 0.855 
_2R D.T. 521 0.180 3420 11,286 1120 3270 0.149 0.828 
R 1620 3420 14,603 8437 IC-1 S.C.& 0.233 2073 0.180 0.773 
_2R F.T. S.c. 864 0.104 3420 14,603 2241 9121 0.089 0.856 
3D_1R F.T. 1009 0.213 3420 14,603 1331 5417 0.188 0.883 
-~ D.T. 832 0.162 3420 14,603 1395 5678 0.131 0.846 
T1\B1E 11 
COMPARISON OF TEST DATA WITH 'l'HEORETIC.AL ULTIMATE SHEAR STRENGTH VALUES 
MAIN SPECnnmS 
.. 
Test Data Calculation Results 
Beam Shear Span Max. Moment Type Ultimate Shear Ultimate Shear 
to Depth c.t_~ai1ure Failure Strength Stre~lrrth M - W 'g 
Bat1o,a/d M Moment,Ms~ Moment M'** s~ Sl U U 
U ' s (in-kips) (in-ldps) (in-kips) 
IA-l 3.05 1339 D.T. 1078 2018 0.805 1.507 
-2 2.98 662 D.T. 689 1187 1.041 1.793 
IB-l 3.05 1229 D.T.& 948 1330 0.771 1.082 
F.T. 
-2 2.97 518 D.T. 638 875 1.232 1.689 
IC-l 3.06 1710 D.T. 1367 3209 0.799 1.877 
-2 2.95 1019 D.T. 1095 2137 1.075 2.097 
D)-I 3·05 1807 D.T. 1286 2393 0.712 1.324 
-2 2.99 1023 D.T. 973 1554 0.951 1.519 
IIA-l 6.10 2039 D.T. 2735 2018 1.341 0.990 
-2 5.97 1067 D.T. 1341 1187 1.257 1.112 
IIB-l 6.10 1542 F.T. 2598 1330 
.. 2 5.94 866 D.T. 1290 875 1.490 1.010 
Tl\BIE 11 (Conttd) 
COMP1IRISON OF TEST DATA WITH THEORETICJ\L ULTll·IATE SHEAR S'lBENGTH Vi\LUES 
MAIN SPECDWS 
Test Data Calculation Results 
Beam Shear Span Max. Moment Type Ultimate Ultimate 
to Depth at Failure Failure Shear StrenGth Shear Strength M;- M~tM Ratio , a/d I,loment,H * Moment M'** sM M u u s 
' s u 
(in-kips) (in-kips) (in-kips) 
. ·n:C ... l 6.11 3241 D.T. 3100 3219 0.956 0.993 
-2 5.91 1427 D.T. 1841 2153 1.290 1.509 
IlD-1 6.10 2460 D.T.& 3004 2410 1.221 0.980 
F.T. 
-2 5.98 1420 D.T. 1695 1560 1.194 1.099 
nIA-J. 2171 F.T. 2013 
-2 1033 s.c. 1304 1.262 
IIIB-1 1617 F.T. 1516 
-2 1227 S.C.& 1000 0.815 
F.T. 
mC-l 3439 D.T.& 3214 0·935 
F.T. 
-2 1227 D.T. 2140 1.744 
IlID-1 2706 F.T. 2403 
-2 1475 D.T. 1558 1.056 
T.lBLE 11 (Contra) 
COMPARISON OF TEST DlfJ!A WITH TEEOP.ETICAL UIJfIMli.TE SWill SmEI~GTH VALUES 
RETEST SPECIMENS 
Test Data Ca.lcula:tlon Results 
Beam Shear Span Max. Moment Type Ultioate Shear Ultjxl1a-cs Shear 
to Depth at Failure Failure Strength Strength MsiM W 1-BatiQ,~/a - MOT .. ent,M * Moment,M~~ s M u u M s 
u 
(in-kips) (in-kips) (in-kips) 
IA_IR 3.05 2102 F.T. 1272 2018 
_2R 2.99 1293 D.T. --001 1187 0.681 0.918 
IB_1R 3.05 1472 F.T. 1098 1330 
_2R 2.)7 1075 D.T. 787 875 0.732 0.814 
Ie_1R 3.06 3272 F.T.& 1691 3209 0.517 0.981 
_2R 
S.c. 
2.95 1760 S.C. 1426 2137 0.810 1.214 
ID_1R 3.05 2219 F.T. 15l~ 2393 
-~ 2.99 1697 D.T. 1219 1553 0.718 0.915 
*M is calculated according to the V1est-Moody-Hognestad-E1stner theory, reference (1) 
" s 
~Mts is calculated according to the Laupa-Siess-Nemnark theory, reference (2) 
TABLE 12 
CO~rP ARISON OF TEST DATA v1ITH THEORETICi\L ULTnMTE FLEXURAL STRENGTH V lU.UES 
MAIN SPEClMENS 
Test Data Calculation Results 
:Beam Max. Moment Type 
" at Failure, Failure Mr M' !4r Mr/M M'r(M Mil -.'" r/M .L 
- U U u M 
u 
(in-kips) (in-kips) (in-ldps) (in-kips) 
- .. --~----------.- .. -.--~ ----- - ----------------------
lA-I 1339 D.T. 1603 1789 1891 
-2 662 D.T. 1643 1833 1873 
IB-l 1229 D.T.& 941 996 1090 0.766 0.811 0.888 
F.T. 
-2 . 518 D.T. 940 1027 1122 
IC-1 1710 D.T. 2705 3060 3179 
... 2 1019 D.T. 2729 3188 3307 
ID-l 1807 D.T. 1579 1789 1981 
-2 1023 D.T. 1605 1833 2025 
IIA ... 1 2039 D.T. 1603 1789 1891 
-2 1067 D.T. 1643 1833 1873 
IIB-1 1542 F.T. 941 996 1090 0.610 0.645 0.706 
-2 866 D.T. 940 1027 1J22 
TABLE 12 (Contta) 
COMPARISON OF TEST DKrA WITH THEORETICAL ULTlMATE FLEXURAL STRENGTH VALUES 
MAIN SPECIMENS 
Test Data Calculation Results 
Beam Max. Moment Type Mf M' Mil Mf/M Mi-/M M'r/M "" f at Failure, Failure .L u u U 
-M 
u 
(in-kips) (in-kips) (in-kips) (in-kips) 
. lIC-1 .32.41 D.T • 2688 3060 3232 
-2 1427 D.T. 2712 3188 336:1. 
lJl)-1 2460 D.T.& 1569 1789 :1.999 0.638 0.727 0.813 
F.T. 
-2 1420 D.T. :1.595 1833 2043 
IIIA-1 2171 F.T. :1.604 1789 1882 0.738 0.823 0.866 
-2 1033 S.c. 1634 :1.833 1926 
IIIB-1 1617 F.T. 934 996 1114 0.577 0.616 0.688 
-2 1227 s.c.& 933 1027 1146 0.761 0.838 0.935 
F.T. 
IIIC-1 3439 D.T.& 2695 3060 3213 0.785 0.890 0.934 
F.T. 
-2 1227 D.T. 2718 3188 3342 
IIm-l 2'106 F.T. 1573 1789 1994 0.580 0.660 0.736 
-2 1475 D.T. 1599 1833 2037 
TflBLE 12 (Cont t d) 
COMPJlRISON OF TEST DIi.TA \JITH THEORETIClu, ULTIMATE FLEXURAL STRENGTH VJ1LUES 
RETEST SPEClMENS 
Test Data Calculation Results 
----- --- ---------
Beam Max. Moment Type Mf bit 11'; Mf /~ w f 1M MU f Ii 
at Failure, Failure U U 
Mu 
(in-kips) (in-kips) (in-kips) (in-kips) 
I1\._ l R 2070 F.T. 1789 1891 0.864 0.913 
_2R 1260 D.T. 1833 1873 
IB_1R 1440 F.T. 996 1090 0.691 0.756 
_2R 1042 D. T. 1027 1122 
IC_1R 3240 S.C.& 3060 3179 0.944 0.981 
R F.T. 
-2 1128 s,C. 3188 3307 
D)_IR 2178 F.T. 1789 1981 0.821 0.909 
-':! 1665 D.T. 1833 2025 
Mr. AI (1' - 0.85 fl )(d-dl ) 
S Y c 
M'1' = As 1'y (d- t/2) 
Mil =A l' c 
.r.t Q"'. 
T.l\BLE 13 
CRACK WIDTHS AT "DESIGNn LO.iIDS 
Width of Cracl{s No. of Cracks 
Beam "Design" Stress in Avg. of II.vg. of II.vg. of lJ.aximum Positive :";'~~·l.ti ve Diagonal 
Manent long. Steel All POSe 2 Max.Pos. Neg. Diagonal Flexural :'_L ",:~l.lral Tension 
Md Md Flexural Flexural F1exura.l Tension 
(in-kips) f s = A Jd (ins) (ins) (ins) (ins) 
s 
(ksi) 
I1\. .. 1 669 32.0 0.0c4 0.001 0.020 0.018 18 2 9 
-2 331 15.4 
m-1 614 51.0 0.006 0.011 0.030 0.006 13 2 3 
-2 259 20.8 0.004 0.006 0.018 0 6 1 0 
IO-1 855 22.8 0.oc4 0.006 0.010 0.008 11 2 9 
-2 509 13.1 0.002 0.003 0.014 0.020 8 1 5 
lD-1 903 43.2 0.005 0.008 0.011 0.014 11 3 8 
.. 2 511 23.9 0.003 0.004 0.012 0.014 8 1 3 
lI.J). .. 1 1023 48.9 0.005 0.010 0.013 0.034 23 2 14· 
-2 533 24.9 
lIB-1 114 64.2 0.001 0.015 0.030 .020 15 2 4 
-2 436 35.1 0.008 0.014 0.038 .031 10 1 2 
TflBIE 13 (Cont t d) 
c..~,C'K WJ.J.YIHS AT "DESIGN" LOliDS 
H.i.,1~:~ of Cracks No" 0f Cracks 
-----'" 
Beam flDesign" Stress in A:vg~ of' Avg" of' Avg., of Avg~ of }' .:nlti ve Nega~·ive Diagonal 
. MOment Long.Steel All Pos .. 2 Max.Pos. Neg. Diagonal } J.SXUTa.]. Plt:::xlu'a1 Tension 
Md Md Flexu!'al Flexural Flexural Tensjon 
(in-kips) f' -- (ins) (ins) (ins) (ins) s - As jd 
.' 
.......... -..... ~ .. --... 
~ 
IIC-l 1620 43<12 0.oc4 0.008 0.022 .040 16 2 13 
-2 713 18.3 0 .. 002 0.004 0.030 .006 11 1 5 
IID-1 l233 59.0 0.005 0.009 0.024 .045 16 3 15 
-2 710 33.1 0.003 0.006 0.019 .035 17 2 5 
lIIA-1 1085 51.9 0.005 0.0]2 0.009 .026 31 3 9 
-2 655 30.6 0.003 0.006 0.010 .016 23 6 3 
IlIB-1 808 67.0 0.010 0.022 0.030 .003 24 4 1 
-2 778 62 .. 5 0.013 0.022 0.035 .024 18- 2 6 
mC-1 1719 45e9 0,,004 0.010 0.008 .013 32 4 7 
-2 779 20.0 0.003 0.004 0.006 .013 19 2 3 
llID-1 1353 66.4 0.005 0.008 0.016 .006 33 4 8 
-2 
·937 43.8 0.006 0.011 0.035 .021 25 1 12 
TABLE 14 
COMPMISON OF TEST DATA WITH A.C.I. BUILDING CODE SHElffi PROVISIONS 
MJ\lN SPEC:I:M8NS 
Beam Longitudinal Web Effective Concrete 'l'-JPe Maximum Maximum Safety 
Reinforcement Reinforcement Depth, d Strength, f t Failure Shear at Allovrab le Factor if 
(ins) (psi) c Failure Shear*' u 
-
S.F. :: -y-




=/I4@3-1/211 li.81 3230 D.T. 76.0 17.36 4.38 
-2 do ~5-3/4" 12.05 2620 D.T. 38.0 9.50 4.00 
IB-l 2-#7 #4@3-1/2" li.81 2440 D.T.& 69.8 14.12 4.94 
F.T. 
-2 do ~5-3/4" 12.12 2440 D.T. 30.3 9.11 3.33 
IC-l 2-#7 #4@3-1/2" 11.78 4930 D.T. 96.7 17.32 5.58 
2-#10 
-2 do ~5-3/4" 12.19 4930 D.T. 58.2 10.43 5.58 
ID-1 2-#6 #4@3-1/2" li.81 4930 D.T. 102.4 17.36 5.90 
2-#7 
-2 do :/fa§J5-3/411 12.05 4930 D.T. 58.5 10.31 5.67 
lIA-l 2-#6 #4@3-1/2" 11 .. 81 3230 D.T. 58.0 17.36 3.34 2-#7 
-2 do ~5-3/411 12.05 2620 D.T. 30.8 9.50 3.24 
IIB-1 2-#7 #4@3-1/2rt 11.81 2440 F.T. 44.2 14.l2 
TlffiLE 14 (Contfd) 
COMPl',RISON OF TEST D.ATA WITH A.C,.I" BUTIDING CODE SHEAR PROVISIONS 
MAIN SPECJMENS 
Beam Longitudinal Web Eff~ctive Concrete Type Maximum Maximum Safety 
Reinforcement Reinforcer.lent :D-"';y;-.h. d 8't~ength,ff Failure Shea'!' at Allowable Factor -(i~~;) (psi) C Fa:a·u::.~ Shea:r* V u 
-
S.F. = V 
V Val - al u 
(1' -) ~np;:;. (kips) 
IIB-2 2~~7 ~5-3/4" 12~12 2440 D.T. 25 .. 4 9.11 2.79 
IIC-l 2-#7 #4@3-1/21f 11.78 5520 DOlT. 91.2 17032 5.27 
2-#10 
-2 do ~5-3/4" 12.19 5520 D.T. 40.8 10.43 3.91 
IID-l 2-#6 #4@3-1/2" 11.81 5520 D.T.& 71.0 17u36 4.09 
2-#7 F.T. 
-2 do #2©5-3/4" 12 .. 05 5520 DuT. 4o~5 10.31 3.93 
lIIA-l 2-#6 fJ1:·@3-1/ 21f 11 .. 81 
2-=/;'7 
3130 F.T. 85.7 17G36 
-2 do =/I-2J05-3/4" l2.05 3130 S.C. 52.0 10.31 5~OJ.j. 
IIIB-1 2-#7 #4@3-1/2" 11.81 3130 F.T. 64.0 17.36 
-2 do ~5-3/4" 12.12 3130 s.c.& 61.7 10.37 5.95 
F.T. 
IIIC-l 2-#7 =/P+@3~·1/21t 11.78 5300 D.T.& 135.3 17.32 7.81 
2-#10 F.T. 
-2 do #2@5-3/4" 12.19 5300 D.T. 61.7 10.43 5.92 
IIJl)-l 2-#6 114G3-1/2" 11.81 5300 F.T. 106.6 17.36 
2-#7 
-2 do #2§5-3/4" 12.05 5300 D.T. 74.1 10.31 7.19 
TlffiLE 14 (Contfd) 
COMPilRISOH OF TEST DATA WITH Ac.C 01. BUTIDING CODE SHEAR PROVISIONS 
RETEST SPECIMENS 
Beam Longitudinal VTeb Effective Concrete Type Ma..-umum Maxl..llUIn Safety 
Reini'orcement Reinforcing Depth, d Strength, ft Failure Shear at Jlilowable Factor V-






L\_lR 2-#6 #4@3-1/2" 11.81 3230 F.'r. 60.1 17.36 
2-#7 
R 
-2 do =/I2@5-3/4" 12.05 2620 D.T. 37.6 9.50 3.95 
IB_IR 2-=117 #4@3-1/?" 11.81 2440 F.T. 42.6 14.12 
_2R do =/t'-2@5-3j4n 12.12 2440 D.T. 31.5 9.,11 3.45 
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